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This thesis details research carried out at the Center of Ion Beam applications in the field of metamaterials
from 2005 to 2010. In this work, we used a proton beam based lithography process (Proton Beam Writing)
to fabricate high aspect ratio metamaterial structures as shown in fig 1. Our work focused on two areas : the
use of metamaterials for sensing applications, and for slowing light by exploiting a metamaterial analogue to
the the quantum phenomenon of Electromagnetically Induced Transparency (EIT). This work was carried
out in the technologically relevant Terahertz (THz) regime. THz Time Domain Spectroscopy Technique
(THz-TDS) was used to study the electromagnetic properties of our structures and these measurements
where supported by numerical simulations.
Figure 1 shows an example of the metamaterial structures successful fabricated for this work. While the
Split Ring Resonator structures shown here were already well studied at the time, the Proton Beam Writing
(PBW) fabrication technique allowed us to study high aspect ratio versions of this well-know structure. Most
fabrication techniques result in flat arrays of structures with very limited height perpendicular to the sample
plane. This can be overcome by PBW, which as evidenced by the scanning electron micrograph (SEM) in
fig. 1(b), can produce structures with highly vertical and smooth sidewalls of great height. Despite the
intense research that has been carried out in the field of metamaterial, not much research has been carried
out on high aspect ratio structures like these.
Figure 1: Optical (a) and scanning electron (b) micrographs of the gold Split Ring Resonators (SRRs)
fabricated for this work using the PBW technique. The substrate is Silicon. The smoothness and height
(about 8 µm) of these SRRs are clearly seen in (b). These structures are designed to have resonances in the
THz regime.
2By carrying out a systematic study of the effects of aspect ratio and substrate thickness, we were able to
conclude that high aspect ratio SRRs result in larger frequency shifts upon the application of a dielectric
layer, thus offering enhanced sensitivity for sensing applications. In the process, we also carried out a detailed
investigation into the dielectric effects of the substrate on the metamaterial resonance.
An intriguing aspect of metamaterials is their ability to mimic effects known in quantum and atomic physics.
In this work, we also demonstrated a metamaterial analogue to the quantum phenomenon of EIT, which
normally occurs in metallic vapors. To achieve this, we proposed a slightly modified SRR design (fig. 2(a)),
fabricated using PBW. Using THz-TDS, we showed that such a structure possessed a narrow transparency
window within a broad absorption band - a characteristic feature of quantum EIT.
Figure 2: (a) Scanning electron micrograph of the modified SRR sample fabricated by PBW. The inset shows
details of the region marked in the main panel (scale bar 1 µm). The width of the arms is about 800 nm,
and the height is over 4 µm. (b) Measured amplitude transmission amplitude for the fabricated sample as a
function of frequency for two polarization states of the illumination by the external beam. Inset shows the
orientation of the E field for the two orthogonal polarizations : E parallel to the gap side of the inner ring,
(blue, solid), and E perpendicular to the gap side of the inner ring (red,dashed). The narrow transparency
window is present for only one polarization.
Using the phase data from the THz-TDS measurements, we experimentally confirmed that the transparency
window is coincident with a steep normal dispersion, which results in a drastic slowing down of a light pulse
at that frequency. These results were as predicted by numeral simulations. Unlike previous work on this
topic, this work used a structure whereby two independent resonances were coupled to produced an EIT-like
effect.
We have thus used a high aspect ratio lithography tool to fabricate metamaterials structures and studied
two current applications for metamaterials.
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“Metamaterials” are perhaps best known to the general public for their use in cloaking devices [1,2]. However,
this is only one aspect of the diverse field of metamaterials research. The field today covers many areas,
with a number of potential applications.
Metamaterials refer to a class of artificial materials with constituent unit cells structured at a size scale smaller
than the wavelength of the electromagnetic radiation at which they are meant to operate. Their optical
properties arise from electromagnetic resonances resulting from the physical structure of sub-wavelength
elements, rather than their chemical or material composition. This allows their optical properties to be
engineered by deliberate design of the resonating sub-wavelength elements.
There has been intense interest in the field in the last two decades, as metamaterials allow access to optical
and electromagnetic properties not found in nature, thereby allowing for effects not possible with known
natural materials. For example, a number of intriguing effects, such as negative refraction [3], sub-wavelength
focusing [4–6] and electromagnetic cloaking [1, 2] were demonstrated using metamaterials. More recently,
much research has been focused on studying the use of metamaterials for a number of practical applications.
Some examples include the use of metamaterials for sensing [7–10], modulators [11, 12] and the “lasing
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spaser” - a flat laser with its emission fueled by plasmonic excitations in an array of coherently emitting
sub-wavelength structures [13,14].
1.1.1 Historical review
In a paper published over 40 years ago, Veselago pondered the behavior of materials with simultaneously
negative values of the electric permittivity,  and magnetic permeability, µ [15, 16]. He showed that in this
case, the solution of the Maxwell equations resulted in an index of refraction with a negative real part. In
such materials, the vectors E, H and k (the electric field, magnetic flux and wave vectors respectively) would
form a left-handed set and the phase velocity is thus opposite to the energy flux. This would lead, among
others, to phenomenon such as negative refraction at the boundary between two media with opposite signs
of n. At that time, no known material existed with a negative µ, although substances with negative  (such
as in metals below their plasma frequencies) were known.
It was over three decades before Vesalago’s theoretical predictions could be confirmed experimentally. In
1999, Sir John Pendry provided a blueprint for the realization of a negative µ [17]. He pointed out that
sub-wavelength metallic resonant structures called split ring resonators (SRRs) would exhibit negative µ at
specific frequencies. SRRs was then combined with an array of metallic wires to create a double negative
composite medium.
In 2001, Shelby et al demonstrated negative refraction using a metamaterial wedge [3]. Here, a metamaterial
wedge was fabricated by stacking dielectric boards printed with copper structures. A beam of microwave
radiation was passed through the wedge and it was confirmed that, upon exiting the wedge, the beam was
refracted onto the same side of the normal as the incident beam - consistent with the wedge having a negative
index of refraction. The result simulated great interest in metamaterials which continues to this day.
Metamaterials are now relatively well known by the general public for their use in invisibility cloaks. In 2006,
Schurig et al demonstrated cloaking of a copper cylinder at microwave frequencies [2]. This was achieved by
enclosing the cylinder in a metamaterial cloak. This experiment, which was carried by news networks world
wide, launched metamaterials into the realm of public awareness.
Today, there is still intense research in the field, and publications in international journals number in the
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hundreds annually and an exciting range of potential applications have been demonstrated.
1.1.2 Terminology
For this thesis, we shall use the term “metamaterial” to mean an artificial composite which owes its optical
properties to electromagnetic resonances of its constituent subwavelength structures. Such a definition would
include, for example, the wedge used to demonstrate negative refraction [3] and the metamaterial cloak [2].
It would exclude optical components such as gratings as well as photonic crystals. While these can be
considered composites with sub-wavelength elements, their optical properties are due to Bragg diffraction
effects, and not current resonances.
Materials with a negative refractive index are often referred to as “double negative materials”, in reference
to the simultaneously negative values of µ and . They are also called “left handed materials” due to
the fact that in the vectors E, B and k form a left-handed trio. The term metamaterials is also strongly
associated with a negative refractive index. However, we shall not restrict the use of the term metamaterials
to left-handed materials.
1.2 Negative Refraction
While this thesis does not focus on achieving negative refraction, it is important to briefly discuss the
pivotal experiment by Shelby et al [3]. This important example illustrates some fundamental principles in
metamaterials, as well as the use of a important metamaterial unit cell. Figure 1.1 shows a schematic of the
experimental setup (a) as well as the metamaterial (b) used in this work.
In Shelby’s work, the authors reported negative refraction in a metamaterial wedge at 10.5 GHz. A negative
index of refraction would require that µ and  be simultaneously negative. This can be achieved with a
material composed of a lattice intersecting of dielectric boards with copper structures [18]. It is important
to note that the individual structures of the wedge are much smaller that the wavelength of electromagnetic
radiation at which negative refraction occurs. While the unit cell of the wedge is about 5 mm, the wavelength
of 10.5 GHz radiation is about 29 mm. The wedge is therefore thought to appear as an uniform, homogenous
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Figure 1.1: (a) Experimental setup used by Shelby et al. Microwaves (10.5 GHz) were passed through the
metamaterial wedge, and negative refraction was observed. (b) Photograph of the metamaterial sample.
The metamaterial sample consists of square copper split ring resonators and copper wire strips on fiber glass
circuit board material. The rings and wires are on opposite sides of the boards, and the boards have been
cut and assembled into an interlocking lattice so as to form a wedge. Adapted from [3]
medium to the radiation, and can be described using an effective, or average value of µ and  for the entire
wedge.
In this case, the effective values of µ and  depend not on the materials that the wedge is composed of,
but instead on the physical design of the copper structures [3, 18]. The boards used to construct the wedge
contain two types of structures:
• A lattice of copper wire strips. These wires create the effect of a “diluted metal” and allow the wedge
to behave as a material with a negative  at microwave frequencies.
• Arrays of concentric double rings, with splits positioned oppositely. These so called Split Ring Res-
onators (SRRs) result in an effective negative value of µ for the material.
We shall now discuss the properties of the metal wires and the split ring resonators.
1.3 Optical Properties of Metals and Wire Arrays
Metals are commonly viewed as good conductors with very large values of . Therefore, in the low frequency
regime, there can be no electric fields in a metal. However, at higher frequencies, the electric permittivity
of metals start to decrease, and at a frequency called the plasma frequency of the metal,  became negative.
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Negative  can therefore be found in naturally occurring materials.
The interaction of metals with electromagnetic radiation can be analyzed using a classic framework based
on Maxwell’s equations and Newton’s Laws. We use the Drude model for metals, where we assume that
the metal as consisting of a mass of positively-charged ions from which a number of “free electrons” are
detached. The Drude model neglects any long-range interaction between the electron and the ions and
assumes that the electrons do not interfere with each other. We can thus model a metal as a gas of free
electrons of volume density, n, which moves against a fixed background of positive ion cores in response to
external electromagnetic radiation.





Where e the elementary charge, o the permittivity of free space and meff is the effective mass of the
electrons in a metal.








Where the parameter γ is a damping term. The assumption of a Drude model works well for the alkali
metals, while for noble metals interband transitions occur at visible frequencies, limiting the validity of this
model. In the Drude model, details of the lattice potential and electron-electron interactions are not taken
into account. However, is possible to adjust meff to incorporate some aspects of the band structure. These
adjustments can be made by fitting equation 1.2 to empirical data.
For most metals, the plasma frequency is approximately at ultra-violet frequencies or higher. Pendry pro-
posed a means by which to lower plasma frequencies by orders of magnitude using a lattice of thin wires [19].
Plasma frequencies can be lowered by using a composite material that consists of a lattice of thin metal wires,
with their lengths orientated parallel to the electric field vector. The effect is first to reduce the effective
volume density of electrons. Secondly, the effective mass of the electrons is increased in very thin wires due
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to the self-inductance of the wires [19]. Together, these effects can lower plasma frequencies into the GHz
range. This is the effect that is used by Shelby et al to create a metamaterial wedge with negative  at 10.5
GHz.
1.4 The Split Ring Resonator (SRR)
Pendry first proposed the SRRs as a means to achieve negative values of µ in 1999 [17]. SRRs have since
played an important role in metamaterial research. They also form the basis for much of the work in this
thesis, and it is important to discuss their properties.
1.4.1 Overview of SRR properties
SRRs as proposed by Pendry consist of two concentric conducting rings with gaps situated oppositely (see
Figure 1.2). As SRRs are much smaller than the wavelength at which they resonate, a periodic lattice of
SRRs can be viewed as a homogenous medium, for which an effective µ can be defined.
(a) (b)
Figure 1.2: (a) Schematic of an SRR showing the circulating currents at resonance. (b) Plot of the effective
µ resulting from an SRR structure. Figures as published in Pendry et al [17].
A split ring can be modeled as a LC circuit element with a resonance at frequency ωLC ∝ (LC)− 12 [20].
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This so called LC resonance is characterized by circulating currents in the rings, accompanied by capacitive
charge accumulation at the gaps (Figure 1.2(a)). The circular current leads to a significant magnetic dipole
moment and can be excited by external radiation. If the radiation is incident such that the magnetic field
component penetrates the rings, the LC resonance can result in a effective negative µ for a composite
material consisting of SRR arrays. The charge accumulation allows the current to oscillate out of phase with
the external driving field. On the high frequency side of the resonance, this results in a negative effective
magnetic permeability. This occurs in a band between the resonant frequency (ωo) and what is called the
magnetic plasmon frequency (ωmp).
The LC resonance of the SRR manifests as a pronounced transmission dip in the frequency spectrum (see
fig. 1.3). At ωLC , the SRR is at resonance and the current amplitude is at its largest. The SRR is strongly
coupled to the external field at ωLC , thus leading to the dip in transmission.
Figure 1.3: Experimentally measured transmission spectrum of a copper SRR with c = 0.8 mm, d = 0.2
mm, and r =1.5 mm. The LC resonance of the SRR at about 4.845 GHz (wavelength = 6.2 cm).
1.4.2 SRRs under normal incidence
If the radiation is incident normal to the plane of the SRR, no magnetic field penetrates the plane of the
rings. It should then be impossible to excite the LC resonance. However, it is now well established that
the LC resonance can still be excited under normal incidence, but only when the electric field vector is
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parallel to the gaps of the SRRs [21,22]. Gay-Balmaz et al and Katsarakis et al studied SRRs under various
orientations relative to the incident electromagnetic radiation. Figure 1.4 shows some of these results.
Figure 1.4: Left panels: The four orientations of the SRR with respect to the triad k,E,H of the incident
electromagnetic radiation which were investigated in Katsarakis et al [22]. Right panels : Calculated trans-
mission spectra of a lattice of SRRs corresponding the four different orientations shown in the left panel.
From [22]
When electromagnetic radiation is incident such that the wave vector (k) is along the plane of the SRRs and
the magnetic field vector is normal to the plane of the rings (orientations (a) and (b) on left panel of fig 1.4),
the LC resonance will be excited. This is regardless of the orientation of the electric field (E) relative to the
SRR. We see from the calculated transmission spectrum on the right panel of fig. 1.4 that both the curves
(a) and (b) have prominent dips. In these cases, the LC resonance is excited by the oscillating magnetic
field which penetrates the rings. When electromagnetic radiation is incident such that k is normal to the
plane of the SRRs (orientations (c) and (d) on left panels of fig 1.4), the oscillating magnetic field does not
penetrate the rings. Under this normal incidence geometry, the LC resonance is excited only when E is
orientated parallel to the gap bearing sides of the SRR (i.e. orientation (d) in fig. 1.4). We see from the
calculated transmission spectrum on the right panel of fig. 1.4 that only the curve (d) displays a prominent
dip. For case (c), when k is normal to the SRR plane and E is perpendicular to the gap side of the SRR, no
dip is present. The curve for (c) is coincident with the horizontal axis of the plot. No excitation of the LC
resonance is observed when the plane of the SRR lies in the k −H plane.
In summary, under normal incidence, the SRR LC resonance can be excited by the oscillating electric field.
This happens only when the electric field vector is parallel to the gap side of the SRR. In orientation (b), there
is excitation by the electric field in addition to the magnetic excitation, leading to broader resonance [22].
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It must be emphasized, however, that under normal incidence, the LC resonance can influence solely the
behavior of  [22].
1.4.3 Electrical Response of SRRs
In additional to the LC resonances, SRRs are also shown to have an electrical response similar to that of cut
wires [23]. These electrical resonances are due to antenna-like couplings between the SRRs and the incident
electric field, and result in a frequency range where the effective  is negative. They are characterized by a
dipole-like oscillation with charge accumulation at either end of the rings. For a SRR of given dimensions,
the dipole resonance occurs at a higher frequency than the LC resonance. It is manifested in the transmission
spectrum by a dip which is of a broader line width and at a higher frequency than the dip associated with
the LC resonance.
This dipole resonance is also present if the gaps of the SRRs are closed to form a closed ring [23]. The
LC resonance, however, is not supported by a closed ring. This provides a useful experimental criterion
by which the LC resonance of an SRR can be identified - the transmission dip would not be present in an
otherwise identical closed ring. Figure 1.5 gives an example where the experimental spectra of a SRR and
the corresponding closed ring structure (CRR).
Figure 1.5: Measured transmission spectra of a periodic SRR medium and a periodic closed ring (CRR)
medium from 3 to 14 GHz From [24]
From fig. 1.5 we see that the SRR has an LC resonance at just below 4 GHz which leads to a narrow
bandwidth dip just below 4 GHz (blue solid curve). This feature in not seen in the transmission curve of
the CRR (red dashed curve). Both the SRR and CRR, however, support a dipole resonance which leads to
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the broad linewidth dip from 8 - 12 GHz.
The fact that an SRR also has an electrical response has important implications for the design of so called
double negative materials. The frequency spectrum of the  function is therefore due to the combined effects
of the wire array and the SRR array. This has to be carefully accounted for to ensure that an experimentally
observed transmission peak is truly left-handed [23–26].
1.4.4 Single vs Double Split Rings
The original design of the SRR as proposed by Pendry et al has two rings with splits situated oppositely.
It was reported that the purpose of the inner split ring is to generate a large capacitance in the small gap
region between the rings, thus lowering the resonant frequency [18]. Liu et al compared the properties of
single and double split rings in the near infra-red regime, using split rings fabricated using electron beam
writing [27]. Some of these results are shown in fig. 1.6.
In fig. 1.6, the peaks AI and AIII are attributed to the LC resonance of the outer split ring, the peaks
BII and BIII are attributed to the LC resonance of the inner split ring. CI and CIII is attributed to the
dipole resonance of the outer ring. The results show that the spectral properties of double split rings is
essentially a combination of the individual properties of two split rings of different sizes. Each split ring thus
independently supports an LC resonance as well as a dipole resonance. Liu et al reported that the main
effect of the inner split ring is to shift the LC resonance of the outer ring to a longer wavelength (lower
frequency). This is clearly seen in fig. 1.6 by comparing the central wavelengths of the peaks AI and AIII.
The work of Liu et al thus suggests that where necessary, the double ring SRR design can be replaced with
a single split ring. As we shall see, this has some implications for the fabrication of metamaterials for higher
frequencies as a single split considerably simplifies fabrication at the macro and nano scale.
1.5 Research Trends in Metamaterials
This section provides a brief overview of the trends in metamaterials research over the last decade during
which there has been an extensive amount of research on a large number of fields. We will place more
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Figure 1.6: Top row : Scanning electron microscope images of metamaterial samples with (a) inner ring only
(sample I), (b) outer ring only (sample II) and (c) both inner and outer rings (Sample III). The scale bar
in all of the SEM images is 300 nm. Bottom row: Experimental and simulated reflectance spectra for the
three samples I (blue, dash-dot), II (black, dashed) and III (red, solid). Adapted from [27]
emphasis on the developments which motivated the work in this thesis.
1.5.1 Frequency Regimes and Fabrication Techniques
Much of the pioneering research in metamaterials was carried out in the GHz regime, at radio or microwave
frequencies [2–4]. There has been much interest and effort in fabricating and studying metamaterials intended
for higher frequency regimes. This is achieved by fabricating the metamaterial unit cells at a smaller scale,
so that the resulting structures couple to electromagnetic radiation of shorter wavelength and thus resonate
at higher frequencies.
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SRRs and single split rings for higher frequency regimes
The SRR was among the first metamaterial structure to be studied. In the GHz regime, SRR unit cells can
be up to several mm in size. This structure has thus been among the first to be scaled down and adapted
for higher frequencies. Since they were first introduced, micro and nano-fabrication techniques have been
used to scale down the SRR design, and thus increase the resonance frequencies.
To date, SRRs have been experimentally studied over a wide frequency range, including far infra red and
THz regime [28–31] and even at frequencies above 100 THz, where split rings of sub-micron dimensions
are needed [20, 27, 32]. Yen et al fabricated and demonstrated a magnetic resonance at about 1.25 THz in
SRRs fabricated with a micro-fabrication technique called photo-proliferated process [28]. With a Fourier
Transform Infra-Red Spectrometer (FTIR), they performed reflection ellipsometry measurements with the
incident beam at 30◦ to the normal of the SRR sample. A resonant peak, centered at about 1.25 THz, was
attributed to the magnetic response of the constituent SRRs. Moser et al used a direct laser writing technique
to fabricate SRRs with LC resonances up to about 2.5 GHz [29]. In this case, transmission measurements
were made using a FTIR. The diameters of SRRs for THz applications are in the range of several tens of
micrometers, significantly smaller than the wavelength of 1 THz electromagnetic radiation (λ = 300 µm). At
higher frequencies, the double- ring SRR design is often replaced by a single split ring to simplify fabrication
processes. Katsarakis et al fabricated a structure with 5 layers of single split rings using a multi-step photo
lithography process and demonstrated the excitation of the LC resonance under normal incidence at 6 THz
using an FTIR [30]. The unit cell of these split rings is about 7µm ×7µm. Subsequently, Linden et al used
an electron beam lithography process to fabricate SRRs of sub-micron diameters and demonstrated an LC
resonance at 100 THz (λ = 3 µm) [20]. As was mentioned in Section 1.4.4, Liu et al studied single and
double split rings and reported LC resonances for the inner split ring about 150 THz. Enkrich et al used a
Focused Ion Beam milling technique to fabricate SRRs with LC resonances at over 200 THz [33].
1.5.2 Evolution in magnetic metmaterials
However, it appears there are limits to the extend to which SRRs can be scaled down to yield a negative µ
for higher frequencies [34]. Zhou et al reported that at frequencies up to a few THz, the frequency of the
LC resonance scales inversely with the size of the SRR. Above these frequencies, the linear scaling breaks
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Figure 1.7: Examples of SRRs fabricated at the micro and nanoscale level for use at higher frequencies (a)
Double Split Rings for the THz regime [29] (b) Single split rings with a resonance frequency of 6 THz [30];
(c) Single split rings with sub-micron dimensions with resonance frequencies of about 200 THz [33]
down and the rate at which the frequency increases when the SRR size is reduced starts to decrease. For
a single split ring, the maximum frequency attainable was reported to be about 250 THz. Zhou et al also
suggested the use of rings with two or four cuts to attain higher frequencies.
It thus appears that alternative designs were needed for metamaterials in the near infra red and visible
range. There was thus an evolution in the design of metamaterial unit cells that departed from the split ring
design. Among the most notable are the paired bars [35] and the “fishnet” structure [36–38].
The paired bars approach uses a pair of stacked metal bars separated by a dielectric spacer. This is a design
that evolved from the 2-cut split ring. The electromagnetic radiation is incident such that the electric field
vector is parallel to the bars and the magnetic field penetrates the area between the two bars (see fig. 1.8).
Anti-symmetric currents are setup in the two bars that result in a magnetic field in the area between the
bars. Such a design has been used to create magnetic materials at about 1.5 µm wavelength [35].
The transition in design from SRR to paired bars meant that fabrication was less challenging. This also
allowed the unit cell of metamaterials to be scaled down further, thereby increasing the operating frequencies
of metamaterials. Grigorenko et al demonstrated negative µ at visible frequencies using design based on
paired gold nanocones [39]. The effect was sufficient to cause a visible color change in the reflected light
from the sample as the polarization is altered.
In order to achieve both negative µ and , the so called “double fishnet” design is used. This design has
been used to demonstrate negative refractive index at 2 µm [36], 1.5 µm [37] and 780nm wavelength [38].
The double fishnet structure is in fact a combination of cut wire pairs (to give a magnetic response) with
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Figure 1.8: (a) Schematic of the transition from split ring resonators (left) to cut-wire pairs (right) as
magnetic atoms of optical metamaterials. (b) Electron micrograph (oblique-incidence view) of an actual
cut-wire pair used to achieve a magnetic response at telecommunications wavelengths in the work by Dolling
et al [35]. Here, w = 150 nm, t = 20 nm, d = 60 nm, and l =700 nm; (c) corresponding top view [35]
continuous wires (to give an electric response).
Figure 1.9: (a) Schematic of the “fishnet” negative-index metamaterial design and polarization configuration.
(b) Top-view electron micrograph of the structure fabricated with silver. Inset, magnified view. Figures
from [37]
1.5.3 Applications for metamaterials
Much of the early research in metamaterials was focused on achieving negative µ or negative refractive index




One application that received much attention was the use of metamaterials for sensing. Sensing applications
for metamaterials are generally based on detecting the change in the spectral properties as a substance is
brought in contact with the metamaterial. Most often, the shift in the resonance frequency of a metamaterial
is used to detect a change in the dielectric environment of the metamaterial. The work of Driscoll et al is
a good demonstration of the approach used [7]. In this work, successive layers of Silicon nano-spheres were
applied to a planar array of split rings (see left panel of fig. 1.10). This caused a successive decrease in the
frequency of the LC resonance as more Si spheres are added (fig 1.10, right panel). The effect is due to an
increase in the capacitance of the SRR as more Si is added. The addition of Si nano-spheres increases the
effective dielectric constant in the area immediately around the gap of the SRR and thus causes a frequency
shift. The authors also showed that the frequency shift is reversible upon the removal of the Si nano-spheres.
Figure 1.10: Left panels : Photographs of the SRR array used in the work by Driscoll et al [7] as silicon nano-
spheres are gradually added to the surface. This was achieved by applying a suspension of the nanospheres
to the SRRs. (f) shows the SRR arrray after removing most of the silicon by ultrasonics. Right panel
: Evolution of the transmission spectra as more Si nanospheres are added. The letters beside each line
correspond to the letters on the left panel. The gray line (f) shows near restoration of the original response
by removal of the nano-spheres in an ultrasonicator. Figure adapted from [7]
The approach used by Driscoll et al can also be used to detect, for example, the presence of a thin dielectric
film. Section 4.1 of this thesis provides an overview of research into this field.
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Active Terahertz Metamaterials
Important potential applications for metamaterials can be found in the THz regime. In the THz regime,
the devices and components necessary to effectively manipulate Terahertz radiation still require substantial
development, and lag behind what is available at other frequency regimes. This is because naturally available
materials often do not respond to THz radiation in the desired way to form the building blocks of such devices.
Metamaterials thus appear to be an important part of the solution to this problem. The applications that
have been demonstrated include a transmission modulator [11] as well as a phase modulator [12]. A frequency
agile metamaterial has also been demonstrated [40]. Such agility will broaden the spectra range over which
THz metamaterial devices can be effective.
Schematics of the THz transmission modulator demonstrated by Chen et al are shown in fig. 1.11.
Figure 1.11: Experimental design of the active THz metamaterial device used by Chen et al [11]. (a)
Geometry of the THz metamaterial element (A = 36 µm) (b) An equivalent circuit of the metamaterial
element, where the dashed variable resistor corresponds to loss due to the substrate free carrier absorption
within the split gap. (c) The metamaterial elements are patterned with a period of 50 µm to form a planar
array. These elements are connected together with metal wires to serve as a metallic (Schottky) gate. A
voltage bias applied between the Schottky and ohmic contacts controls the substrate charge carrier density
near the split gaps, tuning the strength of the resonance. Orientation of the incident THz wave is indicated
and the polarization of the electric field, E, magnetic field, H, and wave vector, k, are shown. (d) Diagram
of the substrate and the depletion region near the split gap, where the grey scale indicates the free charge
carrier density. (e) Experimental configuration for THz transmission measurements through a fabricated
device. Figure from [11]
The device is based on active tuning of the strength of the metamaterial resonance using a bias voltage. The
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metamaterial element used in this work is based on two split rings joined such that their magnetic effects
cancel out. The geometry and dimensions of the material element are shown in fig 1.11(a). The bias voltage
controls the resistance between the split gap. The equivalent circuit is shown in fig. 1.11(b). The resistor R
models the dissipation in the gold split rings, and the variable resistor Rd (shown dashed) models dissipation
due to the substrate free carrier absorption within the split gap. The two inductive loops are oppositely wound
and thus any magnetic response is cancelled, resulting in a net electric response. A frequency dependent
dielectric resonant response thus results when the element is patterned on a suitable substrate to form a
planar periodic array of subwavelength structures. In the assembled device, the metamaterial elements are
electrically connected using conducting wires such that the entire metamaterial array functions as a voltage
gate (see fig. 1.11c). This structure has been designed to enable voltage control of the conductivity of the
substrate at the split gaps. When the conductivity is low, current cannot flow across the gap and there is
capacitive charge accumulation across the gap. An LC resonance is thus possible. When the conductivity
is high, the split is shorted and the LC resonance is not supported. Since the LC resonance results in a
transmission dip, control of transmission at the resonance frequency is possible via the bias voltage.
This work is an excellent example of the practical applications that are available with metamaterials in the
THz regime. Since research into THz metamaterials was active at the start of the work for this thesis, it
was important to consider this frequency regime.
1.5.4 Metamaterial Analogies
While much of the attraction of metamaterials lies in the fact that they possess properties not found in nat-
urally occurring materials, another intriguing aspect of metamaterials is the analogies that can be developed
with effects known in molecular and atomic systems. An illustrative example of this is the successful appli-
cation of the plasmon hybridization model [41] to explain complex coupling behavior in vertically stacked
cut wires [42] (see fig. 1.12).
Liu et al investigated the properties of single and stacked cut wires placed above a metallic mirror by
a dielectric spacer. They found that the metallic mirror effectively doubled the number of metamaterial
layers, thus allowing a single bar to behave like a stacked bar pair. A stacked pair above a metallic mirror
thus can effectively be treated as a stack of 4 bars. Liu et al found that the spectra of the wire and stacked
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Figure 1.12: Left panels : The schematic geometries for a single bar on top of a metallic mirror (sample I)
and a pair of stacked bars over a metallic mirror (sample II). Also shown is the equivalent structure due
to the images in the metallic mirror. Right panel: Experimental (black solid curves) and simulated (grey
dashed curves) reflectance spectra for sample I (A) and sample II (B). The insert in A shows the schematic
illustration of the plasmon hybridization in two coupled cut-wires. For the structure of a cut-wire above a
metal mirror, only the antisymmetric mode exists due to the parity of image interaction. The insert in B
shows the two plasmon hybridization modes corresponding to each of the two resonances.
pair could be effectively explained using the plasmon hybridization model. The two resonances revealed in
the spectra of the sample II (double stacked bars over a metallic mirror) is explained as being the result
of plasmon hybridization modes in the structure. The two allowed modes have different energies resulting
from the symmetry of their currents and thus resulted in a split in the resonance energy levels. This allowed
the resonances of complex metallic nanostructures to be explained on the basis of the coupling between
individual plasmonic entities; just as molecular orbital theory explains transitions by linear combinations of
atomic orbitals.
1.5.5 Three-dimensional metamaterials
As metamaterial unit cells are scaled down, substrate effects become increasing important. Many nanofab-
ricated metamaterials consist of a 2-dimensional array of metallic structures just several hundred nm thick
supported by substrates hundreds of µm thick. While such materials suffice for the demonstration of the phys-
ical principles, practical applications might require bulk materials with the metamaterial elements embedded
in a three-dimensional array. This would present some challenges and could require different fabrication tech-
niques. For example, there are challenges involved in using SRRs to create a bulk magnetic material. Most
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lithography techniques result in a two-dimensional array of SRRs on a flat substrate. The external electro-
magnetic radiation must propagate along the plane of the array to have the maximum component of the
magnetic field penetrating the planes of the SRR. The creation of a bulk material requires that layers of
SRR arrays have to be stacked in order to have a sample with significant thickness in the direction normal to
be beam. This was the approach used by Shelby et al to assemble a metamaterial wedge [3]. However, it is
difficult and impractical at higher frequencies. While the evolution in the design of magnetic metamaterials
make fabrication less challenging, some effort needs to be made to develop fabrication techniques with a
three dimensional capability.
Recently, there have been efforts made to explore techniques that can produce free standing and layered
metamaterials. For example, Moser et al fabricated a double layered, free standing “S string” metamaterial
operating in the Terahertz regime using a combination of X-ray and UV lithography [43]. There have also
been efforts towards multilayered metamaterials. Katsarakis et al fabricated a metamaterial of 5 layers of
single split rings (SSRs) resonating in the far infrared regime (∼ 6 THz) [30]. Liu et al reported stacking 4
or more layers of sub-micron SSRs operating at about 100 THz [44], as well as the use of a metallic mirror
to increase the effective number of layers [42].
There has also been much effect to explore fabricaton techniques capable of producing arbitrary, three
dimensional shapes. A notable example is the used of direct laser writing and chemical silver deposition by
Rill et al [45] to fabricate metemamaterials . This technique results in a three dimensional resist templates,
which must then be coated all round with metal (fig. 1.13).
Figure 1.13: Electron micrographs of fabricated structures by Rill et al [45]. The views show structures that
have been cut by a focused-ion beam after fabrication to reveal the interior. (a) Metamaterial consisting
of elongated SRRs. These were form by depositing metal on a pre-patterned resist substrate (b) A three-
dimensional structure composed of stacked bars. Note that the silver coating covers the bars all around.
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The quest for embedded (or free standing), multi-layered metamaterials has highlighted the problems as-
sociated with conventional nano-fabrication techniques like photolithography. There is a need to explore
techniques with a 3-dimensional ability; and also a need to understand how an embedded or free standing
metamaterial might be different from one on a substrate.
1.6 Motivation and focus
In this work, we were motivated to explore the areas of research that show sufficient promise, and have not
yet received much research attention. Our main objectives were to :
• Fabricate high aspect ratio metamaterials with significant height normal to the sample plane, study
their properties and their potential for applications. There has been limited research on the fabri-
cation and characteristic of high aspect ratio metamaterials. Most metamaterials studied are flat,
two-dimensional arrays with only limited height perpendicular to the sample plane.
• Focus on applications for metamaterials in the technologically relevant Terahertz regime. As Terahertz
radiation interacts weakly with most natural materials, there are very few sources, detectors and other
optical components available for this regime. Thus, the Terahertz regime is where metamaterials can
have many potential applications sensing, and in the control and manipulation of radiation.
As we shall demonstrate, the Proton Beam Writing technique that we use for this work meets the require-
ments of fabricating high aspect ratio metamaterials for the Terahertz regime extremely well. The Terahertz
Time Domain Spectroscopy technique allowed us to experimentally verify the predictions of our numerical
simulations. In this way, we were about to propose new ways to enhance metamaterial applications in this
and other frequency regimes.
Chapter2
Characterization and Numerical Studies of
Terahertz Metamaterials
In this chapter, we provide details of the Terahertz Time Domain Spectroscopy technique used to characterize
our metamaterial samples, as well as details of the numerical simulations used in this work. Numerical
simulations are a valuable tool in the study of metamaterials, as they often allow design parameters to be
optimized before actual fabrication work is carried out. Numerical studies can even be used to uncover new
phenomenon and behavior. However, it is equally important that the predictions of these simulations are
verified by actual experimental data collected using the appropriate spectroscopy technique.
2.1 Terahertz Spectroscopy
2.1.1 Introduction
Terahertz spectroscopy allows a material’s far-infrared optical properties to be determined as a function of
frequency. This information can yield insight into material characteristics for a wide range of applications,
as many materials have strong signatures in the THz regimes. A number of methods exist for performing
THz spectroscopy. Fourier transform spectroscopy (FTS) is perhaps the most well know technique used for
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studying molecular resonances. It has the advantage of an extremely wide bandwidth, enabling material
characterization from THz frequencies to well into the infrared. In FTS the sample is illuminated with
a broadband thermal source such as an arc lamp or a SiC globar. The sample is placed in an optical
interferometer system and the path length of one of the interferometer arms is scanned. A direct detector
such as a helium-cooled bolometer is used to detect the interference signal. The Fourier transform of the
signal then yields the power spectral density of the sample.
FTS can have limited spectral resolution and cryogenic cooling is needed for the detector. Since metamaterial
resonances occur at highly specific frequencies, the wide bandwidth offered by FTS would not be especially
advantageous. What is needed instead is a technique with sufficient resolution, and which can yield phase
data about the THz pulse that has passed through the sample.
2.1.2 Terahertz Time Domain Spectrometry (THz-TDS)
Our requirements are well met by a technique called THz time domain spectroscopy (THz-TDS). Reviews
of this technique are available [46, 47]. THz-TDS is a spectroscopic technique in which the properties of a
material are probed with short pulses of Terahertz radiation. Although its spectral range is significantly less
than that of FTS, it has a number of advantages that have given rise to some important recent applications.
In THz-TDS, the generation and detection scheme is sensitive to the sample material’s effect on both
the amplitude and the phase of the Terahertz radiation. In this respect, the technique can provide more
information than conventional FTS, which yields only amplitude information.
THz-TDS uses short pulses of broadband THz radiation, which are typically generated using ultrafast laser
pulses. This technique grew from work in the 1980s at AT&T Bell Labs and the IBM T. J. Watson Research
Center [46]. Photoconductive emitters have proved to be the most efficient technique for converting visible
frequency laser pulses to THz radiation, and have been widely used for THz spectroscopy and imaging [47].
In this technique, electron-hole pairs are generated in a semiconductor crystal using an above-bandgap
femtosecond pulse, and these photoexcited carriers are then accelerated by an applied electric field. The
photoexcited carriers constitute a transient current pulse, which emits THz radiation in accordance with
Maxwells equations. Figure 2.1 shows a schematic THz-TDS setup.
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Figure 2.1: Schematic diagram of showing the essential components of a typical THz-TDS setup. From [46].
Detection of the THz pulses after passing through the sample is typically achieved by measuring the electrical
signals in a photoconductive diode similar to the emitter. After the THz pulse (probe beam in fig. 2.1)
has passed through the sample, it falls on the detector photoconductive diode. This diode is gated by
femtosecond laser pulses (pump beam in fig. 2.1). The optical delay applied to the pump beam pulses allows
the electrical signals of the detector diode to be measured as a function of the time. In this way, the electric
field of the THz pulse in the time domain can be obtained, and a Fourier transform gives the frequency
spectrum of the THz radiation. Typical THz-TDS systems have a frequency bandwidth between 2 and 5
THz, a spectral resolution of 50 GHz, an acquisition time under one minute and a dynamic range of 1× 105
in electric field.
The THz-TDS technique has been widely used in characterization of various materials including explosives
and drugs [47], semiconductors and dielectrics [48] and optical materials [49], as well as biological materials
like animal tissue [50]. It has also been used for metamaterials [31,51–54]. As will be seen later in this thesis,
the availability of the phase information is an important advantage of the THz-TDS technique, as it yields
information on the dispersive properties of the metamaterial.
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2.1.3 Experimental details
Sample characterization for this work was carried out using the THz-TDS system at the School of Computer
and Electrical Engineering at Oklahoma State University (OSU) [49, 50]. The generation and detection
of Terahertz electromagnetic pulses employ photoconductive switching of transmitter and receiver. Fem-
tosecond, 800-nm optical pulses generated from a self-mode-locked Ti:Sapphire laser are used to gate the
photoconductive switches. The Terahertz setup has four parabolic mirrors arranged in an 8-F confocal ge-
ometry (see fig. 2.2). The Terahertz beam emitted from the GaAs transmitter is spatially gathered by a
silicon lens and then collimated into a parallel beam by the parabolic mirror, M1. In order to compress the
Terahertz beam to a diameter comparable to the size of small samples, an additional pair parabolic mirrors
(focal length = 50 mm), M2 and M3 are placed midway between the two major parabolic mirrors, M1 and
M4. The beam is re-collimated after leaving M3 and focused into another silicon lens at the silicon-on-
sapphire receiver end by M4. This 8-F confocal system not only ensures excellent beam coupling between
the transmitter and receiver but also compresses the Terahertz beam to a frequency independent diameter
of 3.5 mm. The THz-TDS system has a useful bandwidth of 0.1 - 4.5 THz (3 mm - 67µm) and a signal to
noise ratio (S/N) better than 10000:1.
Figure 2.2: Schematic digram of the THz-TDS setup at Oklahoma state university with 8-F confocal geom-
etry. The metamaterial sample to be characterized is placed at the minimum waist position.
The THz metamaterial samples fabricated for this work thus typically covered an area of 5mm × 5mm in
order to exploit the full diameter of the beam. To further increase S/N, each spectrum is an average of six
individual measurements. The measurements were carried out with the sample under normal incidence with
a polarized beam. In all cases, the metamaterial transmission spectra presented in this work are normalized
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using the bare silicon wafer substrate as a reference. In practice, this was achieved by first collecting a
sample spectrum with the THz beam on part of the wafer covered by the metamaterial. The wafer is then
translated such that the THz beam now falls on a bare part of the substrate wafer. A reference spectrum
is then collected. The sample spectrum is then normalized to the reference spectrum. In this way, the
normalized transmission spectrum is corrected for the spectral properties of the substrate. Figure 2.3 gives
an example of the time and frequency domain data collected by this system.
Figure 2.3: Example of time and frequency domain data collect by the THz TDS system at OSU. (a) Time
domain data from Terahertz pulses transmitted through SRR metamaterials of different thicknesses. For
clarity, the curves are shifted by 1.5 ps in time and 0.6 nA in average current. (b) Corresponding Fourier
transformed spectra that illustrate the evolution of the resonances in the frequency domain. In these graphs,
the reference is a THz pulse transmitted through a portion of the SI wafer substrate not covered by the
SRRs. From [51].
2.2 Simulation and Numerical Studies
2.2.1 The Simulation Software
The software used for simulations in this work is the CST Studio SuiteTM from Computer Simulation
Technologies (CST). Several electromagnetic solvers are available with CST Studio Suite. For this work, we
used CST Microwave Studio (MWS), which covers the high frequency range, both in transient and in time
harmonic state. MWS is current widely used for metamaterials simulations.
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The simulation method used is based on the Finite Integration Technique (FIT). This is a numerical method
which provides for a universal spatial discretization scheme applicable to wide range of electromagnetic
problems.
FIT discretetizes the integral form of Maxwell’s Equations:
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· d ~A (2.3)∮
~B · d ~A = 0 (2.4)
To solve this equations numerically, a finite calculation domain must first be defined. The domain must then
be split into a number of small elements (grid cells) using a suitable mesh. We will illustrate the simulation
method using a hexahedral mesh. CST Studio Suite uses 2 meshes, the primary grid and a second or dual
mesh that is set up orthogonally to the first one. (See fig. 2.4).
Figure 2.4: Illustration of the primary and second grid used in the CST Studio Suite TM. Image take from
CST electronic help manual.
The spatial discretization of Maxwell’s Equations is performed on these two orthogonal grid systems. The
electric field ~E and the magnetic flux ~B are represented as e and b respectively and are allocated to the
primary grid G. The electric displacement ~D and the magnetic induction ~H are allocated on the second grid
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G˜ and are represented by d and h respectively.
Maxwell’s Equations are then formulated separately for each of the cell facets. For example, considering
Faraday’s Law (Equation 2.1), the closed integral on the left side of the equation is replaced by a summation
of the electric fields e around the facet edges. The time derivative of the magnetic flux on the enclosed
cell face represents the right hand side of the equation. The procedure is then repeated for all the facets.
The calculation can then be summarized in a matrix formulation, introducing the matrix C as the discrete
equivalent of the analytical curl operator as shown in fig. 2.5.
Figure 2.5: Schematic digram of the discretization procedure. Image take from CST electronic help manual.
Applying this scheme to Ampere’s Law on the dual grid will define a corresponding discrete curl operator C˜
for the dual grid. Similarly, the discretization of the divergence equations will define the discrete divergence
operators S and S˜. These discrete curl and divergence operators consist only of elements ‘0’, ‘1’ and ‘-1’
and represent merely topological information. In this way, we obtain the the discretized Maxwell’s Grid
Equations (2.5-2.8), corresponding to the Maxwell Equations (2.1-2.4)
Ce = − d
dt
b (2.5)
S˜d = q (2.6)
C˜h = − d
dt
d + j (2.7)
Sb = 0 (2.8)
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Finally, the material relations can be introduced in a discretized form :
d = Me (2.9)
b = Mµh (2.10)
Here, Equation 2.9 corresponds to ~D =  ~E and Equation 2.10 to ~B = µ ~H.
Transient Solver
The transient, or time domain (TD) solver allows the simulation of a structure’s behavior in a wide frequency
range in a single computational run. This makes the TD solver attractive for the simulations needed in this
work, where the experimental data available covers a wide frequency range.
The TD solver substitutes the time derivatives in the Maxwell’s Grid Equations with central differences and
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bn+1 = bn −∆tCen+ 12 (2.12)
e and b are located alternatively in time and the “leap frog” scheme shown in Figure 2.6.
Figure 2.6: The leap frog scheme. Image from CST electronic help manual.
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This has to be fulfilled in every mesh cell.
Frequency Domain Solver
The frequency domain (FD) solver is more useful for simulating a narrow frequency band, as it computes
the result one frequency at a time. Computing the result over a frequency band thus requires that a number
of sample frequencies be selected. Thus, computation time can increase significantly for a large frequency
band requiring a large number of samples.
The FD solver is based on Maxwell’s Equations in the time harmonic case (∂/∂t → iω). For loss free




e = −iωj (2.14)
This frequency domain solver works with both hexahedral or tetrahedral grids.
2.2.2 Simulation Parameters
In this section, we state the specific parameters and conditions used for the simulations in this work.
The Solver and Simulation Domain
Throughout this work, the time domain solver was used.
Generally, simulations were carried out for one unit cell of metamaterial with its substrate (see fig. 2.7).
Two ports are defined, one acting as the input port and the other as an output port. The use of only a single
unit cell saved considerable computation time, but required that the boundary conditions of the domain
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were chosen carefully to take into account the periodicity of the structure. The boundary conditions for the
four sidewalls are “perfect electric conductor” (PEC, electric field always perpendicular to the surface, no
magnetic field component normal to surface) or “perfect magnetic conductor” (PMC, magnetic field always
perpendicular to the surface, no electric field component normal to surface). The PEC and PMC walls are
arranged so as to control the direction of polarization of the simulated electromagnetic pulse. For the ports,
the “open” boundary conditions, which allows electromagnetic energy to pass freely.
Figure 2.7: The simulation domain as it appears CST Studio SuiteTM software. The input port is visible as
a red square, and is the port through which the excitation pulse is introduced into the domain. The output
port lies against the backface of the substrate. The width of the simulation domain is set at 50 µm, and the
substrate is 250 µm thick.
The validity of simulating a single unit cell was verified by running several simulations with four or even
nine unit cells and comparing the results to the simulation with a single cell. The inclusion of more unit
cells was found not to significantly change the resonance frequencies of the simulated spectra, which was the
main parameter this work was concerned with.
The Meshing Method and Mesh refinement
A hexahedral mesh generation method is used. The software offers an “adaptive mesh refinement tool”
whereby the density of the mesh is gradually increased until the output is stable as the mesh is further
refined. Clearly, the simulation time required would increase drastically with a finer mesh and a larger
number of mesh cells. In this work, it was found that a mesh density set at 25 mesh cells per wavelength (at
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the central frequency of the simulation) gave a good compromise between time and accuracy. A typically
simulation for a single unit cell at the THz frequencies chosen for this work typically resulted in a mesh with
about 200 000 unit cells.
Meshing of the Substrate
The metamaterial samples in this work were fabricated on Silicon substrates 250 µm thick. In order to
keep the simulation conditions as close as possible to the experimental conditions, it would be desirable to
have the full thickness of the substrate included in the simulation. This presents some problems, as the
number of mesh cells is greatly increased by the thick substrate, and most of the cells contain only Silicon.
The problem is aggravated by the high refractive index of Silicon (about 3.4 at THz frequencies). This
means that the wavelength of electromagnetic radiation is considerably shortened in Silicon. By default,
the software’s meshing algorithm adjusts the mesh to be finer in a higher index material (called “material
based mesh refinement”). This considerably increases the number of mesh cells and the simulation time.
However, the software allows for the feature to the turned off for a specific material. Careful comparison
of the the S parameter spectra with and without mesh refinement in the silicon substrate showed that the
results are not affected. Therefore, for our purposes there is no need to increase the mesh density in the
Silicon to account for the higher refractive index. This not surprising as much of the interaction between
the electromagnetic wave is with the metallic metamaterial structure and not with the Silicon substrate,
which would at most attenuate part of the electromagnetic energy. This attenuation is accounted for by a
normalization procedure. By turning off the mesh refinement feature, considerable time was saved.
2.2.3 Simulation Outputs
The software is capable of providing a range of outputs after a simulation has been done. The outputs which
are most relevant to our work are listed here.
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S-parameters
Out of the key outputs of the simulation software is the scattering parameters or S-parameters. The S-
parameters used often in microwave engineering and are typically used to describe the electrical behavior of
linear electrical networks when undergoing various steady state stimuli by electrical signals. In our context,
the S parameters can most easily be understood as being related to reflection and transmission spectra of a
metamaterial sample.
For a two-port network, the so-called scattering matrix relates the outgoing waves b1 and b2, to the incoming













Figure 2.8: Schematic two port network and the scatter matrix equation
The matrix elements S11, S12, S21 and S22 are referred to as the scattering parameters or the S-parameters.
For microwave circuit components, the S-parameters can be measured by embedding the two-port network
in a transmission line whose ends are connected to a network analyzer. One port would be connected to
the generator and the other to a load. The actual S-parameters measurements are made by connecting to a
matched load such that there are no reflected waves from the load, that is, a2 = 0. The S-matrix equations
will therefore give :
b1 = S11a1 + S12a2 = S11a1 ⇒ S11 = b1
a1
b2 = S21a1 + S22a2 = S21a1 ⇒ S21 = b2
a1
S11 is thus the reflection coefficient and S12 the transmission coefficient. If the generator and load for the
two-port device is now reversed, S12 and S22 can be measured. These would, respectively, be the transmission
and reflection coefficients as measured from port 2. In this work, we use a two-port simulation domain to
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study metamaterials, with only one input port (port 1). S11 is thus the reflection coefficient and S21 is the
transmission coefficient.
The S-parameters are complex quantities as the traveling waves, a1, b1 and b2 have both amplitude and
phase. For most applications, we are concerned only with the magnitude of the S-parameters. However, for
metamaterials, the phase is often of importance as its allows us understand the dispersive properties and
to retrieve the optical parameters of the metamaterial. Microwave StudioTM can display the S-parameter
results in the form of a frequency spectrum (S-parameter magnitude against frequency) or polar plot (fig.
2.9). The results can also be displayed in a Smith chart display or exported as text files for further processing.
Figure 2.9: S-parameter plots as seen in Microwave StudioTM interface (a) magnitude against frequency (b)
polar plot of the complex S-parameters
The S-parameter plots from Microwave Studio can be easily compared to experimentally measured trans-
mission and reflection spectra after the simulated metamaterial is fabricated and characterized. They thus
provide the primary means of checking the reliability of the simulated results.
Normalized S21 parameter magnitudes
In chapters 4 and 5 of this work, the simulated S21 parameter plots are all normalized using a blank substrate
as the reference. In practice, this means that a reference simulation is always carried out whereby the metallic
metamaterial components are removed, leaving only the bare silicon substrate. This reference simulation
typically took only a few minutes to run. The S parameter amplitude of the metamaterial simulation is
then normalized against the reference simulation. The effect of this is to remove any attenuation of the
electromagnetic energy by the substrate, and thus to obtain the transmission spectrum due only to the
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metamaterial alone.
Electromagnetic Field and Surface Patterns
“Field monitors” can be set at specific frequencies in microwave studio in order to obtain snapshots of the
electromagnetic fields and surface currents. These field monitors must be set before each simulation is run.
The most commonly used monitors in the work are the electric and magnetic field monitors, as well as the
surface current monitor. These allow us to visualize the fields and currents and can be a very useful aid in
understanding the resonances of the metamaterials.
An example of the kind of field and current plots possible is shown below:
Figure 2.10: Example of simulated surface current and field strength plots produced by Microwave StudioTM.
This example shows a SRR at resonance. (a) and (b) show the simulated surface currents. The arrows on
the SRR indicate the direction of the surface current at each point. (c) shows the electric field strength
(component parallel to the SRR gap). (d) shows the magnetic field strength (component perpendicular to
the SRR plane.) This plots are explained in Section 4.3
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2.2.4 Application of Auto Regressive Filter
In the work, we often apply the time-domain solver to highly resonant structures. Often, this results in
considerable “ripples” in the calculated S parameter as shown in fig.2.11. The main reason for this is that
calculating the S-parameters using a Fourier Transform from the time signals requires the time signals to
have sufficiently decayed to zero, otherwise a truncation error will occur. This condition would require very
long computation times for highly resonant structures as the time signals can decay very slowly. To overcome
this problem, the software includes a post-processing process called the Auto Regressive Filter (AR filter)
which is applied to the port time signals.
Figure 2.11: Comparison between the raw S21 spectrum (magenta), and the S21 spectrum after the auto
regression filter had been applied to the time signals, as it appear in the software interface.
The AR filter is applied to exponentially damped signals. The technique tries to train an AR filter by using
a relatively short interval of the time signals. Subsequently, the AR filter is used to predict the time signal
for the following time steps. Once the predicted and the simulated time signals agree, the S-parameters can
be calculated the AR filters’ output.
The AR filter was found to be a necessity in this work due to highly resonant nature of the metamaterial
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structures, with the maximum order of the filter set to about 40. The accuracy of the filter was monitored
by checking the energy error of the resulting filter approximation. A typical energy error was in the order
of 10−6.
2.3 Conclusion
In this chapter, we have discussed the characterization technique as well as the simulation software. Both
capabilities are essential to the study of metamaterials. As we shall see in the subsequent chapters, the
agreement between the simulated and experimentally obtained transmission spectra was very good. Once a
good match is obtained, the simulation software can be used to explore the field and current patterns around
the main features of the spectra (such as a transmission dip). This is done by setting field and current
monitors at frequencies around the feature and then examining the results. This would allow us for instance,
to determine if a given transmission dip is due to an LC or dipole resonance of the SRR.
The use of THz-TDS for characterization, and the use of the time domain solver for simulations proved to be
an excellent choice. In some cases, this allowed us to directly compare the simulated verse the experimentally
obtained time signals to further verify the validity of our results.
Chapter3
Fabrication with Proton Beam Writing
In this section, we report on our attempts to use the high aspect ratio lithography tool, Proton Beam Writing
(PBW), to fabricate metamaterials with parameters not easily accessible to standard optical lithography
techniques. Combined with the appropriate electroforming techniques, we were able to fabricate high quality
gold microstructures with minimum lateral dimensions down to 400 nm and heights of up to 5 µm. The
gold electroforming process was able to successfully create void free structures with high aspect ratios. The
PBW technique resulted in structures with smooth and vertical sidewalls.
3.1 Overview of the fabrication process
All fabrication work for this thesis was carried out at the Centre for Ion Beam Applications (CIBA) at the
Physics Department of the National University of Singapore, which has comprehensive fabrication capabili-
ties.
Most metamaterials research use conventional fabrication processes like electron beam writing or photolithog-
raphy to pattern resist, followed by metallic sputtering or other deposition techniques to create metallic
structures. Unless some layering or stacking process is employed, these process tend to result in flat arrays
of 2-dimensional metamaterial structures. One major objective of this research was to fabricate high aspect
ratio metamaterial structures such as split cylinders. To achieve this, a different approach is required. The
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crucial process steps are PBW and gold electroforming. PBW was first used to pattern thick (∼ 10µm)
resist on silicon substrates. Next, an electroforming process was used to define the structures in gold, using




Figure 3.1: Schematic diagram of the fabrication process showing the major steps involved in fabrication. (a)
Proton beam writing to define latent images in resist (b) resist development to remove expose(unexposed)
resist in the case of a positive(negative) resist (c) electroplating using the patterned resist as a mould and
(d) resist removal
The combination of PBW and gold electroplating allowed us to fabricate high aspect ratio structures as
shown in fig. 3.2. In this case, the proton beam was focused to a submicron spot and used to irradiate single
spots and lines. The shape and size of the beam spot is thus directly seen in the top view of the pillar.
Fabricating such high aspect ratio structures using a sputtering or evaporation process would be challenging,
as it would have been difficult for the metal to fill the resist mould in a void free manner.
The fabrication process begins with cleaning of 250 µm thick undoped Si substrates. Magnetron sputtering
is then used to deposit a thin (several nm) layer of chrome as an adhesion layer on a 2-inch Si wafer, followed
by a gold layer (about 10 nm thick) which acted as an electroplating seed layer.
These wafers were then spin coated with approximately 10 µm of PMMA resist. Proton Beam Writing was
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(a) (b)
Figure 3.2: Au pillar (a) and wall (b) fabricated on Si substrate using the PBW-electroforming process. The
substrate is Silicon.
carried out using 2 MeV protons from a Singletron 3.5 MeV accelerator. After development, the gold plating
was then carried out. The PMMA resist was subsequently stripped. Finally, the gold seed layer and the
chrome adhesion layer have to be etched to prevent electrical shorting of the structures. This had to be done
without damaging the intricate SRR structures so the etching times were carefully controlled. The processing
steps were carefully monitored throughout using optical microscopes. Scanning Electron Microscopy is also
carried out after the electroplating and resist removal step to check sample quality at the nanometre level.
The following sections will give details of the processing steps.
3.2 Proton Beam Writing
PBW is a direct write lithographic technique for fabricating three-dimensional structures down to and below
the 100nm level [55–57]. The technique was developed at the Centre for Ion Beam Applications (CIBA)
at the Physics Department of the National University of Singapore. The essential components of a PBW
system are an accelerator (a source of MeV protons), a focusing system, and a steering and scanning system
so that the beam can be guided onto the target and scanned in a predetermined pattern.
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3.2.1 Features of PBW
PBW utilizes a highly focused beam of mega-electronvolt (MeV) protons to directly write a latent image
in a resist. The resist is then chemically developed. PBW works well with the positive resist PolyMethyl-
MethAcrylate (PMMA), as well as the negative resists SU8 (from Microchem) and Hydrogen SilsesQuioxane
(HSQ) from Dow Corning. PBW has also been successfully used to fabricate buried channel waveguides
in FoturanTM photostructurable glass [58]. The minimum feature size that can be achieved is determined
largely by the smallest beam spot size which is well below 100 nm. The smallest feature size achieved using
PBW is 22 nm using HSQ resist [59].
PBW has the ability to fabricate high aspect ratio microstructures in resist and other materials. This is
because MeV protons will not significantly deviate from a straight line as they travel through the resist (see
fig. 3.3). PBW thus has the ability to pattern thick layers of resist, as a 2 MeV proton will penetrate up to
50 µm of PMMA resist. Although the proton beam generates secondary electrons, these remain very close
to the incident beam axis and therefore proximity effects are very limited. For these reasons, high aspect
ratio structures with vertical and smooth sidewalls can be fabricated using PBW.
Figure 3.3: Comparison between (from left) PBW, Focused Ion Beam milling, e-beam writing and X-ray
lithography. The first three are maskless writing techniques, while X-ray lithograph requires a mask. This
figure shows schematically the difference between the three writing techniques. The p-beam and e-beam
images were simulated using SRIM and CASINO software packages, respectively. Compared to electrons,
the protons used in PBW undergo very limited deviation from their straight line paths as they interact
mostly with the electrons in the medium.
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3.2.2 The Accelerator Facility at CIBA
An image of the main accelerator facility at CIBA as of early 2009 is shown in fig. 3.4. The facility has been
described in detail in the literature [60].
The facility at CIBA is centered on a high brightness 3.5 MV SingletronTM accelerator from High Voltage
Engineering Europa. At the time of this work, there were three beam lines attached to the accelerator. One
of these (at the 45◦ position) is used for high resolution Rutherford Back Scattering analysis. The other two
lines are microbeam facilities. The one at the 30◦ position is designed for nuclear microscopy of biomedical
samples and advanced materials, where relatively high currents (about 50 pA) are required. The nuclear
microscope line incorporates the Oxford Microbeams OM2000 endstation with the OM50 quadrupole lenses
configured in the high excitation triplet mode. This line has achieved the world’s best performances for
analytical applications with spot size of 290×400 nm for a 50 pA current of 2 MeV protons. The other line
at the 10◦ position is used for PBW and material modification, where lower currents can be utilized. This
was the line that PBW for this work was carried out. Additional lines have since been added.
3.2.3 The PBW beam line at CIBA
The 10◦ PBW line, which was the first of its kind worldwide, utilizes the new generation of compact (OM52)
quadrupole lenses (Oxford Microbeams Ltd) also configured in a high excitation, triplet configuration. This
lens system, which has superior demagnification properties, has achieved the excellent performance for low
current applications. Spot sizes of 35×75 nm have been measured using direct scanning transmission ion
microscopy for beam currents of 10,000 protons per second [60].
Scanning of the proton beam is achieved using magnetic scan coils (OM 25) which are a part of the Oxford
Microbeams scanning system. The scanning is controlled using the Ionscan software, developed in-house
at CIBA [61]. Our scanning system is capable of covering a 400 µm by 400 µm area in a single exposure.
Larger areas can be covered using a combination of ion beam scanning and movement provided by an EXFO
BurleighTM Inchworm Stage.
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Figure 3.4: Schematic layout of the main experimental hall at the Center for Ion Beam Applications, NUS,
as it was in early 2009, when the fabrication work for this thesis was done. Three beam lines were operational
on the accelerator. PBW is carried out on the 10◦ line. The 30◦ line is used for Nuclear Microscopy studies
while the 45◦ beam line is used for High resolution Rutherford Backscattering Analysis (RBS). Image adapted
from [55]. Additional lines have been added to the facility since.
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Figure 3.5: Image of the PBW end station at the end of the 10◦line.
3.2.4 Ion Beam Path
The accelerator generates a stream of MeV ions, which must be steered and then focused to the desired spot
size in the PBW end station.
Immediately after emerging from the accelerator, the ions beam passes over a set of steering plates. The
electric field between these plates allow the beam to be steered in the X and Y direction by controlling the
steering voltage applied to them. Two sets of plates are available for each direction, allowing the beam to
‘dog-leg” down the beam pipe.
The steering of the beam at this point is monitored by a Faraday Cup (FC) and a Beam Profile Monitor
(BPM) located after the steering table. The FC and BPM are extended into the beamline only when required.
The BPM consists of a Y shaped probe, with the two arms of the “Y” at right angles. This probe is swept
across the beam such that the arms of the “Y” cut the beam in turn. One arm of the “Y” will provide
information on the location and intensity of the beam in the X direction, and the other arm does likewise
for the Y direction. The FC and BPM allows the operator to monitor the beam as it is steered.
The next important component is the 90◦ bending magnet. The beam from the accelerator will consist of
more than one species of ions. Where Hydrogen gas is used in the ion source, for example, the beam will
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contain both the protons and H+2 ions. These beams will have different radii of curvature in an uniform
magnetic field. The 90◦ magnet allows the desired ion species to be selected for each experiment. In the
HVEC Singletron System, the 90◦ magnet also forms part of the energy stablisation system. By assuming
a time-steady magnetic field, changes in the bending of the beam can be attributed to changes in the beam
energy. A pair of stablising slits located on each side of the beamline after the magnet allow the movements
of the beam to be monitored. The inputs from the slits are then used to provide the feedback needed for
energy stablisation.
A second set of FC and BPM after the 90◦ magnet allows the beam to be monitored by the operator while
adjusting the magnet current supply.
The beam then passes through the blanking system, which is part of the scanning system. The blanking
system consists of 2 plates between which the beam passes. When a voltage is applied across these plates,
the resulting electric field deviates the beam and stops it from entering the target chamber. Blanking allows
the beam to be switched off between irradiated areas during the scanning process.
The beam next passes through the objective slits. These slits are an essential part of the beam focusing
system. They consist of four tungsten carbide rods which can be extended into the beam. These cut out the
edges of the beam, ideally resulting in an intense, square beam which can be demagnified by the lens system
to the the desired size.
The beam is then bent into the 10◦ line and enters the PBW end station. First, the beam passes through a
set of collimator slits. It then passes through the OM25 magnetic scan coils followed by the OM52 Quadruple
Lens triplet. Finally the beam enters the target chamber at the end of the line.
3.2.5 PBW Experimental Details
This section provides an overview of PBW experimental details specific to the work done in this thesis.
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Dose measurement
As in all lithography techniques, dose measurement in PBW is an important issue. It is important to deliver
the correct dose of protons to the area to be exposed. Previous studies have shown that PMMA resist is
best exposed with a dose of about 90nC/mm2 to 120nC/mm2, depending on the developer used. Below this
dose, the exposed areas may not be fully removed during development. If the dose is exceeded, the resist
could again fail to develop properly as the high dose causes the PMMA to cross-link.
The dose measurement method used in this work is based on the assumption of constant current during a
given writing process. Since the exposed area of the scan is known, the desired exposure charge can then be
calculated. This allows the total time needed for the scan to be determined. The beam is then scanned over
the sample in a way to best ensure an uniform dose over all exposed areas.
The current was determined by monitoring the count rate of a calibrated surface barrier ion-detector which
detected the Rutherford Back Scattered (RBS) ions from a target. A two step calibration process was used.
First, the proton beam is allowed to fall on a small copper target mounted close to the sample on the target
stage. The current was adjusted so that the count rate registered by the detector was about 1 kHz, which
results from a current of about 300 pA. An RBS spectrum was then acquired. Typically, data collection
was carried out long enough to allow up to 106 events to be collected, and the count rate monitored during
this time to ensure that there was no significant current fluctuations. This reduces statistical error when
the spectrum is fitted. The RBS spectrum then needs to be fitted to obtain the charge that was incident
on the copper target. Fitting was carried out using SIMNRATM, a software for simulating backscattered
RBS spectra. The spectrum is fitted by visually comparing the simulated and experimental spectra until a
good fit is obtained. In this way, the charge incident on the copper target can be obtained. By dividing the
charge by the time over which the spectrum is collected, the average current can be calculated. The average
current and the average RBS count rate for the copper target rate can now be correlated. In this way, the
RBS detector becomes a calibrated current measurement device.
Once the RBS detector is calibrated in this first step, it can be re-calibrated for the actual sample. In this
second step, the collimator slits are closed until the desired current for the PBW process (usually about
20pA) is obtained. The beam is kept on the copper target during this time. When the desired current
is obtained, the beam can be placed on the actual sample on which the structures are to be written. By
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assuming a constant current, the RBS detector can now be re-calibrated, so that the RBS count rate with
beam on the actual sample can be translated into beam current. This recalibration procedure would take
place on an area of the sample far from where the actual structures will be written. Immediately after the
re-calibration process, the beam can be switched to fall back on to the initial copper calibration target to
check that no current change has taken place during the re-calibration.
This two-step process is chosen because it is much easier to execute than calibrating directly on the sample.
A copper target is chosen for the initial calibration step because it yields a high RBS count rate and its
scattering cross section follows the Rutherford model. These factors, and the fact that the target consists of
a single element, means the RBS spectrum can be easily and accurately simulated for a good fit. The RBS
spectrum of the actual sample is much more difficult to fit. The top layer consist of a coat of PMMA resist
up to ten microns think. The PMMA resist consist of low atomic number elements like carbon, oxygen and
nitrogen. The scattering cross sections of these elements are low and non-Rutherford. This makes spectrum
fitting a challenge.
The above dose measurement procedure was found to be sufficiently reliable to obtain consistent results.
During the actual writing process, the RBS count rate is constantly monitored to ensure a constant current.
Often, the current remains remarkably stable and only minor adjustments are needed over the course of a
12 hour writing process.
The Scanning algorithm
During the PBW process, it is important that an effective scanning algorithm is developed. The scanning
algorithm refers to the way the proton beam is moved over the resist to create the desired image. The
most straightforward approach is to use a raster scan method, whereby the beam is swept from side to side
and blanked out at the appropriate locations. This method works for any arbitrary shape and is the most
versatile. However, for this work, more efficient and specific scanning algorithms were used. Schematics of
the two scanning algorithms used are shown in fig. 3.6 and fig. 3.7. The scan methods are called respectively,
the line scan algortihm and the spiral scan algorithm.
For both scanning methods, the desired scan shapes are uploaded in the Ionscan software in the form of an
image file. In the line scan method (fig 3.6), the beam size directly determines the width of the lines. The
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Figure 3.6: Left : Schematic diagram of the line scan algorithms. Right : SRR fabricated using the line scan
algorithm.
scan shape is therefore defined by a figure that is only one pixel wide. The proton beam makes a single pass
along the lines needed to define the desired shape. Figure 3.6 also shows an optical micrograph of a SRR
fabricated using the line scan method. The periodicity of the SRR structure is 50 µm and the width of the
SRR arms is about 700 nm.
Figure 3.7: Left : Schematic diagram of the spiral scan algorithm. Right : SRR fabricated using the spiral
scan algorithm.
The spiral scan algorithm (fig. 3.7) is used mainly for SRRs where the minimum feature size is significantly
larger then the beam width. To scan the desired shapes, an image is first created using a commercial graphics
software. The lines that make up the SRR in this case would be many pixels wide. The final width of the
structures is determined by the number of pixels as well as the beam spot size. In the spiral algorithm, the
scan starts at a point on the edge of the shape, moves along the outer perimeter and spirals inwards. On
the completion of the shape perimeter, the beam moves inwards by one pixel. The process repeats till the
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innermost pixels are scanned. Figure 3.7 also shows an optical micrograph of a SRR fabricated using the
spiral scan method. The periodicity of the SRR structure is 50 µm and the width of the SRR is about 6 µm.
The scanning parameters as well as the algorithm used can influence the quality of the final structures. One
important parameter is the pixel size relative to the beam spot size. For this work, the beam spot size was
typically set to slightly less than a micron, and each pixel of the image file covered no more than 100 nm
by 100 nm. The pixel size is is therefore many times smaller that the beam spot size. This is important for
ensuring that the sidewalls of final microstructures are smooth are free of artifacts arising from the beam
profile (see fig. 3.13).
3.3 Supporting Fabrication Processes
3.3.1 Substrate Preparation
The substrates used for this work are 2-inch undoped Silicon wafers 250 µm thick. The substrates must be
first cleaned to remove all contaminants that might be present on the surface. The manufacturing process
of silicon wafers involves cutting and polishing, which can leave contaminants such as oil on the surface
of the wafers. Failure to clean the wafers completely could easily lead to problems like poor adhesion and
jeopardize the entire fabrication process.
Silicon wafers are often cleaned using a process called “Piranha Etching”. This involves dipping the wafers
in a strongly oxidizing solution of 3 parts concentrated Sulphuric acid and one part Hydrogen Peroxide. This
process is so called because the acid-peroxide mixture complete removes any organic compounds from the
surfaces it contacts. The process poses significant risk and great care must be taken. The acid and peroxide
generate much heat upon mixing and could bubble over. Great care must be exercised when handling the
wafers and containers to avoid spills and splashes, and heavy personal protection equipment must be worn.
The process can take up 30 minutes and cannot be left unattended. With these requirements, Piranha etching
is troublesome to carry out in a research lab where only small quantities of wafers are needed occasionally.
For this work, it was found that a simpler plasma cleaning process sufficed. The wafers were given a brief
ultrasonic treatment in an acetone bath, which was followed by rinses with Isopropyl Alcohol (IPA) and
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then distilled water. The wafers were then dried completely before being placed in a plasma cleaner. An air
plasma is used and the pressure is typically 200-300 milliTorr. Plasma cleaning is done for 5 minutes.
3.3.2 Spin Coating of PMMA resist
The resist used in this work is PolyMethylMethAcrylate(PMMA). PMMA is familiar to most people as a
hard, clear plastic called acrylic, perspex or plexiglas. High quality PMMA is very clear and is thus useful as
an alternative to glass. For use as a resist, PMMA is dissolved in a volatile organic solvent such as Anisole
or Chloroform to form a viscous, clear liquid. In this form, it can be poured onto wafers and spun into a
thin coat.
The PMMA resist used in this work is the A11, 950k NANOTM PMMA from MicroChem Pte Ltd. It consists
of 11% by weight of PMMA of dissolved in Anisole (A11). The average PMMA molecular weight is 950 000.
Where possible, wafers are spin coated soon after cleaning. Before spin coating, it is critical to ensure that
the wafers are completely dry. This is achieved by a “prebake” of the wafers at 200◦C for at least 10 minutes
to drive moisture off. The prebake ensures good adhesion of the PMMA to the wafer.
To start the spin coating process, the wafer is first carefully centered on the chuck of the spincoater. PMMA
is then dispensed onto the wafer using a dropper, taking care not to create any bubbles. The spin coating
cycle then begins. Following the procedure recommended by the resist manufacturer, the wafer to brought to
500 RPM (revolutions per minute) over 5 seconds, then held at a constant speed of 500 RPM for 5 seconds.
The wafer is then brought to 1000 RPM over 1 to 2 seconds and held there for 45 seconds. It is de-accelerated
to rest in 2 seconds. This process results in a resist layer about 4 µm thick. To create the thicker resist layer
needed for this work, the spin coating process was repeated till the desired thickness is reached. Before the
next layer of resist is deposited, the wafer is “softbaked” for 2-3 minutes to set the layer and prevent reflow
at the next spin coating. For this work, at most 3 layers were applied.
After the final resist layer has been spincoated, a final “postbake” is applied. The wafer is baked on a hot
plate at 180◦C for about 30 minutes. This step is to ensure that the layers fuse together completely. The
hotplate is then switched off and allowed to cool to close to room temperature before the wafer is removed.
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3.3.3 Deep Ultra-Violet (DUV) Lithography
PMMA resist can be exposed using ultra-violet light of 248 nm wavelength. Deep Ultra-Violet (DUV)
lithography is carried out after spin coating to achieve two objectives. First, it is used to create a “dummy”
plating area close to 1 cm2. Second, it is used to create an electroplating contact area at one corner of
the sample. The dummy area is needed as the plating area determines the electroplating current needed.
The current density used is 2.5 mA/cm2. In most of the samples fabricated for this work, the metamaterial
microstructures, which are fabricated in the PBW step, make up a very small plating area. This would have
required precise control of the plating current at below the µA level. To overcome this, and to reduce the
error in calculating the plating area, DUV lithography is used to create a dummy area up to 0.5 cm2. The
electroplating contact is created at a corner of the sample and allows the gold seed layer of the sample to be
connected to the power supply cathode.
A mask of chrome on quartz, specially made for this purpose, is used for DUV. The sample is exposed to the
DUV radiation for up to an hour at a time. For PMMA resist thicker than several microns, a single exposure
is usually insufficient to removed all the resist. In this case, the development which follows the first exposure
is stopped after a few minutes. The sample is thoroughly rinsed and dried, and then exposed a second time.
This second exposure requires that the mask be carefully realigned. For this purpose, alignment marks are
incorporated into the mask design.
3.3.4 Development of exposed PMMA
After exposure with DUV lithography or PBW, the PMMA resist was developed with a mixture commonly
referred to as “GG” developer, which is a mix of several organic compounds (60% diethylene glycol monobutyl
ether, 20% morpholine, 5% ethanolamine and 15% water). This is followed by at least 2 rinses with DI water.
The development of the resist can be clearly seen with the unaided eye for large areas. The exposed areas
will first turn cloudy, and will then appear clear again as the exposed resist is dissolved completely in
the developer. These steps are important visual checks to ensure that the development process is going
as intended. Development usually takes several minutes. Previous experience at CIBA indicates that the
unexposed PMMA is not sigificantly damaged even if left in the developer for up to an hour.
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3.3.5 Gold Electroforming
A major objective of this work was to optimize conditions for gold electroforming. A plating process was
chosen as the plating solution should be able to penetrate into the high aspect ratio ditches in the PMMA
mould present in this work. Thus, void free metal structures should be possible, as long as the plating
conditions are optimized. Such void free structures can be difficult to fabricate with techniques such as
sputtering.
Gold plating was carried out using Microfab AU100TM gold plating solution (from Enthrone Pte Ltd) at a
temperature of 60◦C with current density of 2.5 mA/cm2. This was carried out in a 150 ml Teflon breaker
immersed in a water bath. A high purity gold wire was used as the anode. Under these conditions, plating
speed was approximately 1 µm for every 5 minutes of applied current. Samples in this work were typically
plated for 20-30 minutes, resulting in gold structures 4 to 6 µm tall.
The buildup of the plated gold layer was visible during the plating process, as the plated gold has a different
color and surface morphology from the gold seed layer. This color change was visible to the unaided eye for
the large “dummy” plating area. Figure 3.8 shows an optical micrograph of a SRR structure prior to and
after plating. Immediately after plating, it is often possible to get an estimate of the height of the plated gold
by visual inspection in an optical microscope. This is achieved by varying the depth of focus. Such visual
inspection is vital to ensure sufficient plating while avoiding the risk of over-plating. However, an accurate
height measurement cannot be made until the PMMA resist has been striped and the sample examined with
a Scanning Electron Microscope.
Meticulous care was taken during the plating process to keep the conditions stable. The plating temperature
and current had to be carefully controlled, and the plating solution was gently agitated with a magnetic stirrer
throughout the plating process. During this work, it was found that temperatures of 70◦C and above led
to de-adhesion of the PMMA from the sample substrate, which is fatal to the fabrication process. Constant
and close monitoring of the plating current and voltage was vital for successful plating. For example, in the
early stages of this work, a gradual decrease in the plating voltage over time was traced to an increase in
concentration of the gold plating solution concentration due to excessive evaporation. This was rectified by
designing a close-fitting cover for the beaker.
Much care was also taken to keep the costly plating solution free from contamination. The sample, beaker,
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Figure 3.8: SRRs structure prior to (a) and after (b) the gold plating process. The difference in the color of
the plated gold and the gold seed layer is clearly visible for large areas.
anode and all other objects that came into contact with the plating solution was cleaned with MicrofabTM
cleaner followed by multiple rinses of distilled water
3.3.6 Seed layer etching
As a last step in the fabrication process, the gold seed layer as well as the chrome adhesion layer have to be
removed. Failure to do so would lead to the metamaterial structures being electrically shorted, and losing
their electromagnetic properties.
The removal of the gold seed layer was achieved with an Iodine-Potassium Iodide etching solution (I2 0.09M,
KI 0.6 M). As the seedlayer and the metamaterial structures are both made of gold, there will be some
etching action on the metamaterial structures as well. Etch times (usually under 20 seconds) were carefully
controlled so as to completely remove the gold seed layer with the least possible damage to the metamaterial
structures. The removal of the gold layer was visible as a pronounced color change. Visual inspection under
a light microscope was used to confirm that the gold seed layer has been completely removed from the space
between the structure (See fig. 3.9).
The chrome adhesion layer was then removed using a highly specific etching solution (CR-9 solution from
Cyantek corporation). Again, etch times were carefully controlled to prevent excessive undercutting. Al-
though this etching solution did not attack the gold metamaterial structures, it could undercut the adhesion
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layer beneath the structures and cause de-adhesion. The removal of the chrome layer was visible as a subtle
color change. Once again, visual inspection under a light microscope was used to confirm the removal of the
chrome seed layer.
Figure 3.9: Metamaterial structure prior to (a) and after (b) the seed and adhesion layer etching processes.
The removal of the gold seed layer is accompanied by a significant color change, while the removal of the
chrome layer resulted in a color change that is more subtle but still visible.
3.4 Fabrication Results
3.4.1 High aspect ratio metamaterials for THz applications
A key objective of this work was to fabricate high aspect ratio metamaterials for applications in the THz
regime. Figure 3.10 shows an electron micrograph of a metamaterial structure fabricated for this purpose.
The periodicity of the structure is 50 µm. The minimum feature size (the width of the lines) is about 800
nm, and the height of the structure is nearly 4.5 µm. The close up in the right panel reveals the excellent
side wall quality and smoothness. While fabrication of THz metamaterials is achievable using appropriate
light lithography techniques, PBW can achieve exceptional aspect ratio and quality. In this case, the latent
images were written in PMMA resist 6 µm thick using 2 MeV protons. The line scan algorithm was used.
A single structure was written in one scan, and the stage then translated the sample by one unit cell.
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Figure 3.10: Electron micrograph of a metamaterial with resonances in the THz regime. The detail on right
reveals the high aspect ratio and side wall quality of the structure.
3.4.2 Metamaterials for higher frequencies
While the main objective of this work was to fabricate THz metamaterials, we were also keen to verify that
PBW can fabricate metamaterials for even higher frequency regime. This would require structures with
smaller overall dimensions and feature sizes. Figure 3.11 shows a good example of the capabilities of the
PBW system at CIBA. The SRRs shown in the electron micrograph have a diameter just over 3 µm and a
height over 5µm, with minimum feature size below the half-micron level.
These structures were fabricated using the line scanning algorithm, where the width of the SRR walls is
defined by the beam size. This resulted in SRR walls with a width below 400 nm. 2MeV protons where used
to write the latent images in resist 6 µm thick. The excellent verticality and smoothness of the sidewall is
also evident from the images. The successful fabrication of this sample shows clearly that the PBW process
is capable of writing sub-micron features in resist several microns thick, and that the gold plating process is
capable of void-free filling of the resulting PMMA mould.
For this sample, the small area covered by each individual SRRs meant that a large number of SRRs were
written in a single scan, with the stage being held stationery as the scan was made. Over 400 individual
SRRs were written in a single scan. After each scan, the stage translated the sample to a new location such
that several scans were stitched together. The entire sample consisted of 2000 SRRs. This demonstrates our
ability to fabricate a large number of individual structures, with the proton beam maintaining the needed
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Figure 3.11: Left panel : top view of high aspect ratio SRRs with sub-micron features fabricated using the
PBW and electroforming process. Insert shows details of the structure, with sidewalls less than 400 nm
thick. Right : tilted view of the same SRR structures showing excellent sidewall quality. Sample and images
by author.
sub-micron focus and current stability over 12 hours of writing time.
3.4.3 Pitfalls in the fabrication process
One cause of failure was de-adhesion of the fabricated structures from the substrate at some point after the
resist stripping step. Figure 3.12 shows an example of a sample that has undergone such failure in the early
stages of this work. In this case, de-adhesion occurred during the etching of the chrome adhesion layer. It
can be see that despite detachment from the substrate, the SRR structures remain intact. The cause of this
failure is most likely undercutting of the chrome layer.
In fig. 3.12(b), we see that the one of the detached SRRs was found to be standing on its side. This
gave us a direct means to measure the height of the SRR to be 8 µm. Such failures underline the need for
great care and attention throughout the lengthy fabrication process. In the later stages, detachment of the
metamaterial structures was rarely encountered, most likely due to more thorough cleaning of the substrate
and shorter etching times.
Another problem encountered in the early stages of this work was related to the scan parameters. Figure 3.13
shows an electronmicrograph of a sample where the image files used for scan pattern did not have sufficient
resolution. This caused two effects - first the step made by the beam between two pixels is too large and
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Figure 3.12: (a) Fabricated SRR array where de-adhesion has taken place. The scale bar is 100 µm. (b)
Close up of a de-adhered SRR lying on its side, allowing its height to be directly measured.
secondly, the beam dwelled too long at each pixel. The “pixellated” nature of the resulting structures is
evident, and the beam profile is superimposed upon the structure.
Figure 3.13: (a) Fabricated SRR array where the scan parameters have not been optimized, resulting in a
“pixellated” structure where the beam profile is evident. (b) Top view reveal the high aspect ratios that
have been obtained.
Despite the problems evident in fig. 3.13, the inherent strengths of the PBW technique are evident. It
can be clearly seen that the protons make straight tracks through the PMMA resist, resulting in vertical
striations along the entire height of the structures. Electroforming in this case was also highly successful.
This problem was easily rectified by using a high resolution for the image file.
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3.5 Conclusion
In conclusion, we have successfully demonstrated our ability to fabricate high quality, high aspect ratio
metamaterial structures using PBW lithography process followed by gold electroforming. With care, the
structures were robust enough to survive all process steps. The gold plating method selected was able to
create void free, high aspect ratio structures. The PBW system had the stability needed to write thousands
of microstructures with resolution below half a micron. With experience, the success rate of the fabrication
process was high. This allows as to reliably fabricate metamaterials for applications in the THz and higher
frequency regimes.
Chapter4
Metamaterials for sensing applications :
enhancing sensitivity via aspect ratio and
dielectric effects
Recently, there has been much interest in the use of metamaterials for sensing and characterization of thin
films. Such applications exploit the fact that the resonance frequency of a metamaterial shifts upon the
application of a thin dielectric analyte film. In this application, it is important to be able to optimize and
control the frequency shift. In this Chapter, we report results of our investigation into ways to enlarge the
frequency shift of Split Ring Resonators (SRRs) upon the application of an analyte film (i.e. enhance their
sensitivity). This investigation was carried out in the technologically relevant Terahertz regime. Our most
important conclusions are that:
• Using high aspect ratio SRRs results in increased frequency shifts upon the application of a thick
dielectric film onto the SRRs. The greater the height of the SRRs, the larger the frequency shift when
the SRRs are completely covered by the film.
• Another way to increase sensitivity is to use ultra-thin substrates. This enhances sensitivity when only
a thin dielectric film can be applied. A thin substrate also allows for the analyte film to be applied
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to the substrate side (rather then the metal film side) of the metamaterial and can be an attractive
alternative to enhancing sensitivity.
4.1 Metamaterials for sensing applications
There has been intense research on metamaterials in this decade, and recently there has been increasing focus
on practical applications for metamaterials. One potential application that has received much attention is
the use of metamaterials for sensing. Such sensing applications exploit the shift in the resonance frequency
which occurs when a dielectric sample - such as a film of DNA - is deposited over a metamaterial surface.
The shift is caused by the sample changing the electrical permittivity () around the metamaterial. The
principle was demonstrated by Driscoll et al , where the frequency of the LC resonance of an SRR array
is shifted by the controlled application of silicon nanospheres [7] (see Section 1.5.3). The Terahertz regime
is an active area for such research. For example, studies on the use of Split Ring Resonators (SRRs) [9]
and other metamaterial structures [8,10] for Terahertz sensing of biological and chemical samples have been
conducted.
It is clearly desirable that a sensing device is able to detect a small change in the dielectric environment.
Improving sensitivity with metamaterials devices has been the subject of much research effort. For example,
Debus et al proposed the use of asymmetrical Double Split Resonators (aDSRs) (fig. 4.1 (a)) as an alternative
to SRRs [10]. The asymmetry of aDSRs leads to a so called “trapped mode”, which has a very sharp edge in
its frequency response [62]. This allows smaller changes in resonance frequency to be detected (fig 4.1(b)).
Al-Naib et al further demonstrated increased volumetric sensitivity in aDSRs by adding sharp tips to the
aDSRs, thus intensifying the electric field in the resonator gaps [8]. In this work, Al-Naib et al employed
a single mode rectangular waveguide with a single aDSR structure positioned inside. Circular and as well
as square aDSR structures were fabricated (fig. 4.2 (a) and (b)). A film of photoresist was applied to the
sample to act as a dielectric analyte film. It was shown that the resonance frequency is most sensitive to
application of dielectric of the gaps of the aDSRs, and that aDSRs with sharp tips at the gaps are more
sensitive (fig. 4.2(c)).
More recently, there has been some interest in fabricating metamaterials on thin membranes like Silicon
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Figure 4.1: (a) Example of asymmetrical Double Split Resonator (aDSR), a structure in which a slight
asymmetry is deliberately introduced. Figure from [62] (b) Calculated reflection spectra of symmetric (dashed
line) and asymmetric DSRs with a perfect conductor (dotted line) and for gold (solid line). The reflection
spectra of the asymmetric structures displays a steep edge not present in the spectrum of the symmetrical
structure. Figure from [10].
Figure 4.2: Layout of (a) the circular aDSR and (b) the rectangular aDSR with field confining tips. (c)
Simulations of the resonance frequency shift induced when a dielectric film is applied over the locations as
indicated by the red squares in (a) and (b). The frequency shift is normalized and plotted as a function of
the size of the squares of dielectric film applied. Figure adapted form [8].
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Nitride [63,64] and Parylene [65]. Such flexible metafilms enable layering schemes and conformal placement
onto curved surfaces, thus allowing even greater potential for applications. It is also believed that such
metafilms will be more sensitive to changes in their dielectric environment. In one case, the metamaterial
showed sensitivity to the presence of a single atomic layer of graphene on its surface [63]. This sensitivity
results because thin substrates are thought to lower the effective permittivity (eff ) of the supporting medium
and allow simple transmission measurements due to lower loss.
Figure 4.3: (a) and (b): Metamaterials fabricated on Silicon Nitride membrane and wrapped around Tygon
tubing [64]. Minor ticks on ruler are millimeters. The magnified image shows the electric metamaterial units.
(c) Photograph of metamaterials on parylene thin film substrate. Image from [65]
So far, conventional fabrication techniques - such as photolithography and sputtering - have been used to
fabricate the metamaterials used for sensing and tunability demonstrations. Such techniques result in planar
metamaterials elements of limited height. We thus explore another way in which sensitivity can be improved
- by increasing the height (aspect ratio) of the the metamaterial elements. An increase in the height, for
example, of SRRs would increase the high field region in the SRR gap, raising the effective volume of the
dielectric probed. There is, therefore, a clear interest in studying higher aspect ratio metamaterials. We will
also study in detail the influence of substrate thickness.
4.2 Fabrication
For this work we fabricated an array of Au SRRs on a silicon substrate 250 µm thick. The lateral dimensions
of the SRRs fabricated in this work are shown in fig. 4.4. SRRs of similar dimensions have been studied
previously and were shown to have resonance frequencies in the THz regime [28,29,31]. The overall dimension
of the array was just over 4 mm by 4 mm. The periodicity of each square unit cell containing one SRR (p in
fig. 4.4) was 50 µm. Thus, our array consisted of over 8000 individual SRRs. The dimensions of the array
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were designed to meet the requirements of the THz-TDS system at Oklahoma State University which has a
3.5 mm frequency-independent beam waist.
Figure 4.4: Schematic of the SRR dimensions used in this study. The diameter of the outer ring, D, was 36
µm, and the inner ring, d was 18 µm. The width of the SRR arms, w, was 6 µm, and the gap, g, was 2 µm.
The periodicity, p, was 50 µm.
Details of the fabrication process have been given in a Chapter 3 and a schematic diagram of the fabrication
process is shown in fig. 3.1. Figure 4.5 shows optical (b) and scanning electron (c) micrographs of the gold
SRRs successfully fabricated for this work using the spiral scan algorithm (fig. 3.7). The micrographs were
collected after the resist stripping step. From the electron micrographs, the height (h as shown in fig 4.5(a))
of the SRRs can be clearly seen, as well as the orthogonality and smoothness of the sidewalls. The height
of the SRRs is about 8 µm, which is far greater than can be obtained with convectional photolithography
techniques. Samples such as this provide a good opportunity to experimentally study the effect of SRR
height on their electromagnetic properties.
Figure 4.5: Schematic of SRR showing the lateral dimensions used in this study as well as the height
parameter h. Also shown are optical (b) and scanning electron (c) micrographs of the gold SRRs fabricated.
Note the height and smoothness of the sidewalls.
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4.3 Characterization and Numerical Studies
Sample characterization was carried out at Oklahoma State University using the THz-TDS system. This
facility has been described in Section 2.1.3. Figure 4.6(a) shows the transmission spectra of our sample, mea-
sured with THz-TDS. In this figure, we also show the spectrum simulated using CST Mircowave StudioTM.
Figure 4.6: Measured transmission amplitude (a) and simulated S21 parameter (b) for the sample shown in
fig 4.5. Insert in (a) shows the orientation of the SRR with respect to the electric field for the 2 polarizations.
Measurements were made with the sample plane normal to the beam and were carried out for two orthogonal
polarizations of the electric field. The black curve in Figure 4.6(a) shows the measured spectra when the
SRRs were orientated with their gap bearing sides parallel to the electrical field vector of the THz radiation.
We define this as the parallel polarization (See insert in fig. 4.6(a)). For this polarization, there is a prominent
dip in the transmission at approximately 0.6 THz. This dip is not present if the sample is rotated by 90◦
such that the electric field is perpendicular to the gap bearing side of the SRR (blue curve in Figure 4.6(a)).
Simulations were carried out using CST Microwave StudioTM for a single unit cell in time domain. The
boundary conditions were perfect electric conductor or perfect magnetic conductor arranged so as to achieve
the desired polarization of the electrical field. In this simulation, the full 250 µm of Si substrate were included
in the domain. Simulated results (fig. 4.6(b)), are accurately reproduced by the experimental spectra for
both polarizations. These simulated results this indicate the reliability of the simulations. Current and field
snapshots at the resonance frequencies were also extracted from the simulations.
The transmission spectra is typical for SRRs under normal incidence and the features can be readily ex-
plained. Azad et al had studied SRRs of simple dimensions using the same THz-TDS facility and some of
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their results are reproduced in fig. 4.7. It can seen that there common features between the spectra in fig.
4.6 and fig. 4.7. In both spectra, there are sharp transmission dips at a relatively low frequency (below 1
THz) which is present only under parallel polarization, when the electrical field vector is parallel to the SRR
gap. In both spectra, we see a broader transmission dip at a higher frequency (1 - 1.5 THz). This dip is
present under both polarizations but shifts to a slightly higher frequency under parallel polarization.
Figure 4.7: Measured transmission amplitude as published in Azad et al [31]. The solid line shows the
spectra for SRRs measured under parallel polarization (electric field parallel to SRR gap). The dotted line
shows the spectrum for SRRs under perpendicular polarization.
In our current results, we attribute the transmission dip at about 0.6 THz (present only under parallel
polarization) to the so called LC (for inductor-capacitor) resonance of the outer ring; and the dip at about
1.6 THz (present in both polarizations) to an electrical dipole resonance of the outer ring. These features
are explained further.
The inductor-capacitor (LC) resonance at 0.6 THz
A SRR can be modeled as a LC circuit element with a resonance at a frequency given by ωLC ∝ 1√LC [20].
Incident electromagnetic radiation can couple to this resonance. Under our experimental geometry with the
beam perpendicular to the sample plane, the LC resonance is excited only under parallel polarization [21,22].
The transmission dip at 0.6 THz is present only under parallel polarization. Figure 4.8 shows snapshots of
the surface current [(a) and (b)], as well as the electric and magnetic fields at the LC resonance frequency. At
this frequency, the simulations show circular currents in the outer ring with capacitive charge accumulation
at the gaps. The circular currents lead to a strong magnetic field normal to the SRR plane and the charge
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accumulation to strong electric fields across the outer ring gap. These features of the LC resonance have
been discussed in section 1.4. We thus conclude that the dip at 0.6 THz is due to the LC resonance of the
outer ring.
Figure 4.8: Simulated surface current and field strength plots of the SRR at the LC resonance at 0.6 THz.
(a) and (b) show the simulated surface currents. The arrows on the SRR indicate the direction of the surface
current at each point. (c) shows the electric field strength (component parallel to the SRR gap). (d) shows
the magnetic field strength (component perpendicular to the SRR plane.)
We see that for SRRs of sufficient height, much of the current is carried along the sidewalls, rather than
along the top surface of the SRR. This is a situation that will not occur in lower height SRRs as the sidewalls
have insignificant surface area.
The dipole resonance at 1.6 THz
The broader transmission dip at about about 1.6 THz is attributed to an electrical dipole resonance of the
outer ring, due to antenna-like couplings between the SRRs and the incident electric field. This is identical
to the electric resonance found in cut wires which is induced by the dipole-like charge distribution along the
electric field [23]. At this frequency, simulations indicate a dipole-like accumulation of charges at both sides
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of the outer ring. This resonance occurs under both parallel and perpendicular polarization, although the
frequency is slightly higher under perpendicular polarization. Snapshots of the simulated surface current for
the dipole resonance at 1.8 THz are shown in fig. 4.9.
Figure 4.9: Simulated surface current and field strength plots of the SRR at the dipole resonance at about
1.6 THz. (a) and (b) show the simulated surface currents. The arrows on the SRR indicate the direction of
the surface current at each point. (c) shows the electric field strength (component parallel to the SRR gap).
(d) shows the magnetic field strength (component perpendicular to the SRR plane
We see that for the dipole resonance, the strong circular currents that lead to capacitive charge accumulation
across the gap of the other SRR are absent. Instead, charges accumulate at either end of the outer ring.
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4.4 Effects of SRR height and dielectric environment on the LC
resonance
4.4.1 Factors influencing the LC resonance frequency (ωLC )
In this study, we focus on the LC resonance. It is the resonance most often exploited for sensing applications
as its narrower linewidth results in sharper edges that allow frequency shifts to be more easily detected. Given
the ability of the PBW technique to fabricate high aspect ratio SRRs, we need to first establish the effects
of aspect ratio, and in particular, the effect of SRR height on the frequency of the LC resonance.
Prior to this work, two experimental studies have shown that the frequency of the LC resonance (ωLC )
increases with SRR height (h). Guo et al studied the sub-micron single split rings with thickness from 10
nm to 60 nm [66]. A gradual shift in the frequency of a transmission dip from 90 THz to about 120 THz was
noted. Such a trend is also observed to a lesser extent in the work of Singh et al, who studied sub-skindepth
SRRs at about 0.5 THz [51]. Both studies were carried out for SRRs on thick substrates.
The same trend is observed from our experimental data in the THz regime. In fig. 4.10(a), we show the THz-
TDS spectra for two SRR arrays of similar lateral dimensions. One array has a height of 200nm (fabricated
at Oklahoma State University using conventional photolithography) and the second array has a height of 8
µm (sample shown in fig. 4.5). We see that with increasing SRR height, the frequency of the LC resonance
at about 0.6 THz (as well as the dipole resonance at about 1.8 THz) increases.
Simulations with SRRs on a 250 µm thick Si substrate also indicate that ωLC increases with h. Figure 4.10(b)
shows the frequency dependance of the simulated S21 parameter (similar to the transmission amplitude in
the experimental measurements) for double SRRs with height varying from 200 nm to 50 µm, for SRRs on a
thick Si substrate. ωLC increases with height, starting at just below 0.45 THz for h = 200nm and increasing
to over 0.7 THz for h of 50 µm .
The results so far would indicate that an increase in h causes a corresponding increase in ωLC . However,
further studies we conducted using simulations indicate that the relationship between ωLC and h is also
dependent on the dielectric environment of the SRRs. We modeled the behavior of SRRs without a substrate
- that is freely suspended in air. The motivation was to examine the relationship between ωLC and h in
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Figure 4.10: (a) Measured THz spectra of SRRs of different heights but similar lateral dimensions as shown
in Fig. 4.5. (b) Simulated S21 parameter for SRR of varying heights for SRRs attached to a thick Si
substrate. The arrow shows the direction of increasing SRR height (h).
an uniform dielectric environment, without the additional complication of the air-substrate interface and
the dielectric effects of the substrate. The results are shown in fig. 4.11(a). We see that in this case, ωLC
decreases with h. The resonance with h = 200nm occurs at over 1 THz and shifts downwards as SRR height
is increased.
Figure 4.11: Simulated S21 parameter for SRR of varying heights for SRRs (a) freely suspended in air and
(b) fully embedded in Si. The arrows show the direction of increasing SRR height (h).
It is thus clear that the Si substrate can affect the h-ωLC trend. To better understand the effect of Si on
the SRR properties, it is useful to study the relationship between ωLC and h for SRRs fully embedded in
Si. This simulation was achieved by filling the entire simulation domain with Si such that Si filled all the
space between the gaps of the SRR. The simulated results are shown in fig. 4.11 (b). We see that for such
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embedded SRRs, ωLC decreases with h, which is the same trend as for SRRs freely suspended in air.
In Fig. 4.12, we show how ωLC varies as a function of h for SRRs in the three different dielectric environments
that we have considered so far : freely suspended in air (ωair - black curve with squares), deposited on a
thick Si substrate (ωsub - blue curve with triangles) and completely embedded in Si (ωem - red curve with
diamonds).
Figure 4.12: Graph showing LC resonance frequency as a function of SRR height (h) for SRRs in different
dielectric environments : freely suspended in air, attached to a thick Si substrate and fully embedded in Si.
The results in fig. 4.12 thus gives us a more complete understanding of the effects of the substrate and SRR
aspect ratio on the resonance of SRRs. Here, we see that both ωair and ωem decrease with h. This indicates
that if an SRR is located within an uniform dielectric medium, ω decreases with h. SRRs attached to a
substrate are at the interface of two dielectrics. For such SRRs, the ωLC - h relationship differs from SRRs
in an uniform medium. In the case, the effects of the interface need to be taken into account.
We will now attempt to briefly explain these results. We shall first attempt to develop an LC model of
the SRRs resonance and examine if it is possible to accurately predict ωLC and to reproduce the trend of
ωLC decreasing with increasing height in an uniform medium. We will then examine the effect of dielectric
environment on the SRR, including the case when the SRR is located at the interface of two dielectrics.
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4.4.2 An LC model for SRRs in a single medium
In order to understand how SRR height affects ωLC in a single medium, we have to consider the effects of
increasing height on the inductance and capacitance of the SRR. The LC resonance we have been studying
has been attributed to the outer ring. In simulations where the inner ring is removed, we find that the
position of this resonance is affected by less than 5%. Thus, in our analysis, we shall consider only the LC
properties of the outer ring and neglect any mutual capacitance and inductances between the inner and outer
ring.
Idealized Parallel Plate Capacitor and a one turn solenoid
A simple model for an single split ring would be to use the equation for an idealized parallel plate capacitor
to determine the capacitance between the ring gap. Fringing electric fields are assumed not to contribute to















Here, w is the width of the SRR arms, h is the height of the SRR, g is the SRR gap and D′ is the average
diameter of the SRR outer ring. In this work, w = 6µm. The average diameter of the outer ring, D′ is taken
to be 32µm (D′ = D − w, see Figure 1.2).
This simple treatment leads to the conclusion that the product LC is independent of height. This does not
agree with the experimental evidence available thus far. The approximation of the SRR as a solenoid is
reasonably accurate only when the height of the SRR is large relative to its diameter - which is generally not
the case experimentally. We see that in fig. 4.12, ωLC increases rapidly with SRR height for when height is
less than 10 µm. Thus, the simple approximations used to obtain equation 4.1 clearly does not give accurate
predictions for SRRs with h less than 10 µm.
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However, we note that in fig. 4.12, ωLC becomes increasingly insensitive to height as height increases
beyond 10 µm. This indicates that equation 4.1 might indeed be valid for SRRs of sufficient height, where
the approximations of a ideal capacitor and solenoid are more accurate. From Figure 4.12, we see that the
resonance frequency for free SRR approaches a value of about 0.9 THz as the height is increased to 50 µm.
From Equation 4.1, and taking the values of  and µ for a vacuum, we obtain a resonance frequency of about
0.86 THz for our SRRs, consistent with our simulated results. Equation 4.1 thus gives fairly accurate results
when SRRs where the height approaches the dimensions of the diameter.
Inductance of a wire loop - Smythe’s equation
We now attempt to develop a model that accounts better for SRRs where the height is significantly less than
the diameter. For such SRRs, we expect significant deviation from the behavior of an idealized parallel plate
capacitor and solenoid. For low heights, the SRR resembles a flat wire loop rather than a solenoid. Smythe
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In applying Smythe’s equation to the case of an SRR, we have difficulty in determining the value to use for
a. The equation assumes a wire of circular cross section. However, the cross section of the “wire” forming
the SRR is a rectangle of width w and height h with w 6= h. For our analysis, we shall take a to be the
height h of the SRR and restrict our analysis to the region h = 1µm to 10µm , where w (which is 6µm in
our case) has the same order of magnitude as h. We take b to to be the average diameter, D′, of the outer
ring.
Capacitor with fringe effects
For the capacitance of the SRR, we note that the equation for an idealized capacitor can be improved by
considering fringe effects. Ignoring the effects of fringe fields in a parallel plate capacitor requires that the
plate dimensions (w and h) are much larger that the plate separation (g). This is not satisfied in the case of
most SRRs, whose gaps are large compared to the SRR arm width and height. Correcting for fringe effects
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in a parallel plate capacitor is a complicated issue which has been studied in detail by Nishiyama et al [68].
Both the ratio of the gap to the width of the plates and the aspect ratio of the plates themselves have a
strong influence on the capacitance. For example, for a square plate capacitor with a gap to width ratio
of unity, the capacitance is 3.34 times the value for an idealized capacitor [68]. Nishiyama et al presented
data tables for the correction factors that need to be applied for capacitors of various geometry, taking into
account the effects of the various aspect ratios. Taking h = 1 µm to 10 µm, g = 2 µm and w = 6 µm,
the ratio of the gap to plate width ranges form 0.33 to 2.00 , and the plate aspect ratio from 0.17 to 1.00
(“width” is always taken to be the short length of the plate). Correction factors ranges from 1.63 to 3.42.
Thus, we see that the effects of the fringing fields certainly cannot be neglected in the case of most SRRs.
Using Equation 4.2 and the data from Nishiyama et al we obtain, in the range from h = 1µm to 10µm,
calculated resonance frequencies that captures the trend of the resonance frequency decreasing with height
(See fig. 4.13). By comparing our calculated values to those obtained by simulation (fig. 4.13), we see that
the calculated and simulated values are very close for h = 1 µm. As h increases, the calculated values of ωLC
fall below the simulated values. We attribute the deviation between the calculated and simulated values to
the inaccuracies in applying Symthe’s equation.















S R R  H e i g h t  ( µm )
R e s o n a n t  F r e q u e n c i e s S i m u l a t e d C a l c u l a t e d
Figure 4.13: Graphs showing dependence of resonance frequency as a function of SRR height for SRRs
suspended in air. Blue curve - calculated using Equation 4.2 and data for capacitance from Nishiyama et
al [68]. Black curve - resonance frequencies from simulations read off fig 4.10(a).
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We see that an LC model, with corrections for the non ideal behavior of the capacitance and inductance, can
explain the behavior of SRRs in a single dielectric. As SRR height is increased, ωLC should decrease. We
also conclude that the behavior for tall, free SRRs is reasonably well approximated by equation 4.1, which
approximates the SRR as a ideal parallel plate capacitor and one turn solenoid. ωLC is mostly independent
of height for tall SRRs.
4.4.3 Dielectric effects
Dielectric effects : Embedded SRRs
We next attempt to explain the effect of changing the dielectric surrounding the SRR. The effect of completely
replacing the air surrounding a freely suspended SRRs with a dielectric of constant r should be obvious :
it would increase the capacitance by a factor r and thus lower ωLC by a factor
√
. This should be true
regardless of the height of the SRRs.
Our simulated data in fig. 4.14 supports this, we see that for the SRRs of a given height, the LC resonance
for the embedded SRRs always occurs at a lower frequency than for the SRR in free space. The graph of
ωem and ωair appear to follow the same trend and appear to have a fixed ratio between them.
In fig. 4.15, we show the ratios of resonance frequencies. The red curve (with diamonds) shows the frequency
ratio for SRRs in air to that of SRRs embedded in Si. We see from Fig. 4.15 that for all values of h, ωairωem
(red curve with diamonds) is almost constant at about 3.5. This value is close to the squareroot of the
relative electric permittivity used for Si (Si = 11.6) in the simulations (
√
11.6 = 3.41). The presence of a
dielectric shifts the LC resonance frequency by a constant factor equal to
√
 regardless of h. This is just as
we expected. It should be emphasized that in these simulations, the Si filled all the space in the gaps of the
split rings, between the rings, and the space above and below the SRRs.
A table showing ωLC for SRRs of different heights which are suspended in air, on a thick silicon substrate
and embedded in Si on the left panel of fig4.15. Also shown are the ratios of the frequencies.
83
Figure 4.14: Graph showing LC resonance frequency (ω) as a function of SRR height (h) for SRRs in
different dielectric environments : freely suspended in air and fully embedded in Si.
SRR Height Resonance Frequency (THz) ωair
ωem
ωair
ωsub(µm) ωair ωem ωsub
0.2 1.13 0.324 0.442 3.49 2.56
1.0 1.11 0.319 0.463 3.49 2.40
2.0 1.09 0.311 0.482 3.51 2.26
4.0 1.06 0.301 0.513 3.52 2.06
6.0 1.03 0.294 0.537 3.51 1.92
8.0 1.01 0.288 0.556 3.51 1.82
10 0.996 0.284 0.576 3.50 1.73
20 0.953 0.273 0.638 3.49 1.49
50 0.920 0.265 0.732 3.47 1.26
Figure 4.15: Right : Plot of ratios of the LC resonance frequency for SRRs in different dielectric environments
as function of SRR height. The red curve (with diamonds) shows the frequency ratio for SRRs in air (ωair)
to that of SRRs completely embedded in Si (ωem). The blue curve (with triangles) shows the frequency ratio
for SRRs in air to that of SRRs on a thick Si substrate (ωsub). Left : Table showing resonance frequencies
and ratios for SRRs in air (ωair) and SRRs completely embedded in Si (ωem) and SRRs attached to a Si
substrate (ωsub).
Dielectric effects : SRRs at dielectric interfaces
Figure 4.16 shows how the simulated frequency of the LC resonance changes with SRR height for SRRs
attached to a 250 µm thick Si substrate (ωsub, blue curve) and when freely suspended in air (ωair, black
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curve). It is clear that ωsub increases with height while ωair decreases. The ratio of ωairωsub is obviously not a
constant. From fig. 4.15, we see that the ratio ωairωsub falls rapidly with height. We also see from fig 4.16 that
the difference between ωsub and ωair narrows as SRR height increases.
Figure 4.16: Graph showing LC resonance frequency (ω) as a function of SRR height (h) for SRRs in
different dielectric environments : freely suspended in air and fully embedded in Si.
We first note that the presence of the substrate lowers the frequency of the LC resonance compared to when
the SRR is suspended in air. This is expected as the presence of the substrate should increase the effective
capacitance of the SRR and thus lowers ωLC . This is despite the fact the substrate dielectric does not fill
the space in the gaps of the split rings or between the rings. The dielectric is present only directly below
the SRR. Thus, if the substrate does affect the resonance frequency, it must occur because of the fringing
electric fields which extend beyond the SRR’s air gap into the substrate.
It established that the dielectric constant of a substrate has an effect on ωLC for an SRR. The effect was
also investigated experimentally by Azad et al, who fabricated and studied SRRs on Si ( = 11.6) and
quartz ( = 3.82) substrates [31]. In this work, a higher substrate dielectric constant was found to shift the
resonance frequency downwards. This can happen only if the a substrate with higher dielectric constant is
able to increase the capacitance of the SRRs (relative to the capacitance of an SRR suspended in air). This
indicates therefore that fringing electric fields that extend beyond the SRR into the substrate must be taken
into consideration. The importance of these fringing field has been experimentally shown [69]. Shelton et al
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showed that SRRs fabricated on semiconductor substrates exhibit a high degree of sensitivity to very thin
layers of silicon dioxide between the metallic elements and the underlying substrate. This study was carried
out in the infrared region. The effects were explained by the silicon dioxide layer forming a series capacitance
to the fringing field across the elements.
There is thus strong experimental evidence to show SRR fringing fields must be taken into consideration. In
our simulations this fact is also evident, as the thickness of the substrate in the simulation has a significant
impact on ωLC . In fact, we can use such simulations to study the extent to which the fringing fields penetrate
into the substrate. The results are presented next.
Effects of substrate thickness
To further investigate the effects of the substrate, we simulated SRRs attached to very thin substrates. The
heights of the SRRs was kept constant at 200nm, 10µm and 50µm while the substrate thickness was varied
from 0 (substrate deleted from simulation) to tens of µm. The motivation is to allow us to “track” the effects
as increasing thicknesses of substrate are added. The results are shown in Figure 4.17.
From fig. 4.17, we see that for a substrate thickness of 10 µm and below, ωLC is a very sensitive function of
the substrate thickness, decreasing rapidly with increasing substrate thickness. Above 10 µm, ωLC becomes
a much less sensitive function of substrate thickness and changes by less that a few percent as the substrate
thickness is increased two-fold to 20µm. In our simulation, we found that as substrate thickness is increased
beyond several tens of µm the resonance frequency remains mostly constant. This result is consistent with
those reported from similar work by Yuan el al [70].
This result therefore tells us that only the first 50 µm or so of the substrate has a significant effect on ωLC .
This is also likely to be the depth of substrate that is significantly penetrated by the fringing electric fields
of the SRR gap. This has important implications for the efficiency of the simulation process. Increasing
the substrate depth greatly increases the time needed for a simulation as it increases the number of mesh
cells needed. Where only frequency domain data is desired, simulation times can be significantly reduced by
including only the first 50 µm or so of substrate for THz regime simulations.
We can thus summarize the effect of the substrate on SRRs as follows - it increases the capacitance of the
SRR, and thus lowers ωLC relative to that for a free SRR in air. Up to a point, a substrate causes a large
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Figure 4.17: Variation in the simulated LC resonance frequency as the substrate thickness is increased for
SRRs of height 200 nm (black curve, squares), 10 µm (red curve, circles) and 50 µm (blue curve, triangles).
decrease in ωLC but this is most apparent only with the first 20µm of substrate (in the THz regime).
4.4.4 Combined dielectric and SRR height effects
We see from fig. 4.17 that as the substrate thickness is increased from zero, ωLC decrease rapidly, but at
different rates for different SRR heights. As the substrate thickness is increased from 0 to 20 µm, ωLC for
a 200 nm high substrate falls from about 1.2 THz to nearly 0.5 THz. For a SRR of height 50µm, ωLC falls
from 1.1 THz to above 0.9 THz in the same range. Thus the resonance frequencies for SRRs of low height
are more sensitive to the presence of a Si substrate.
This is also evident in fig. 4.16. We see that the gap between the two graphs narrows as SRR height
increases. The two curves start to approach each other as height increases. This tells us that the greater the
height of the SRR, the less the influence of the substrate on ωLC compared to the case when the SRR is in
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air.
The relationship between the graphs in fig 4.17 and fig 4.16 is shown in fig 4.18.
Figure 4.18: (a)Variation in the simulated LC resonance frequency as the substrate thickness is increased for
SRRs of height 200 nm (black curve, squares), 10 µm (red curve, circles) and 50 µm (blue curve, squares).
(b) Detail of the boxed region in (a), which reveals that the three plots cross. (c) Plot of of resonance
frequency against SRR height for SRRs suspended in air (light blue curve, triangles) and on a thick silicon
substrate (magenta, triangles) (reproduced from fig. 4.16).
A close look at fig 4.18(a) reveals that the plots of ωLC for the SRRs of different heights cross. At zero
substrate depth, ωLC for the SRR of lowest height has the highest frequency. However, as substrate thickness
increases, ωLC decreases most rapidly for the SRR with the lowest height. This causes the three plots to
cross (see fig. 4.18(b)). This is consistent with the data in fig 4.18 (c) (reproduced from fig. 4.16). Figure
4.18(c) shows how the ωLC for SRRs in air decreases with SRR height while the ωLC for SRRs on a 250
µm thick Si substrate increases with height. In fig. 4.18 (a), we have indicated the frequency gap between
zero substrate thickness and 20 µm substrate thickness for SRR heights of 200 nm (black arrow), 10 µm
(blue arrow) and 50 µm (red arrow). These arrows correspond to the frequency gaps of fig. 4.18 (c). For a
given SRR height, ωLC in air in fig 4.18(c) (light blue curve, squares) corresponds to ωLC at zero substrate
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thickness in fig. 4.18(a). Likewise, for a given SRR height, ωLC on Si substrate in fig. 4.18(c) (magenta
curve, triangles) is very close to the ωLC for a substrate thickness of 20 µm in fig. 4.18(a). (Recall that
increasing the simulated substrate thickness beyond 20 µm has only a limited effect on ωLC in fig. 4.18(a).)
For a SRR height of 200 nm, the frequency gap between the two curves is the largest in fig. 4.18(c). The
frequency gap is the smallest for an SRR height of 50 µm.
We thus have a better understanding of how the presence of a substrate affects the LC resonance frequency
of an SRR. The size of the frequency shift induced by a thick substrate is larger for an SRR of low height.
An SRR of greater height is affected less - the presence of the substrate has only a limited effect on the
resonant frequency.
We explain this by the fact that the greater the height of the SRR, the more the SRR gap approaches an
ideal parallel plate capacitor and the contribution of the fringing field is reduced. Simulations in the previous
section indicate the penetration of the fringing fields into the substrate is fixed at several tens of microns
regardless of the SRR height. This would indicate that as SRR height increases, the relative importance of
the fringing fields in the substrate decreases.
The gaps of low-height SRRs resemble strip capacitors. In such capacitors the air gap between the ends
of the two strips is very small and the fringing fields are important. In this case, the fringing field in Si
contribute significantly to the capacitance. The Si substrate influences the capacitance considerably and
lowers ωsub by a large factor ( ωairωsub = 2.56 for h = 200nm). As h increases, the gap begins to resemble a
parallel plate capacitor. The air-filled gap dominates the capacitance of the SRR gap and the fringing field
in the substrate becomes less important. Furthermore, the upper regions of the SRR are a distance from
the Si substrate and thus are not sensitive to its presence. Thus ωsub should start to approach ωair for very
tall SRRs ( ωairωsub =1.26 for h = 50µm).
We note that it would be reasonable to expect that for a low height SRR, the effective dielectric constant,
eff can be computed by modeling the attached capacitor as an ideal capacitance half filled with air and half
within with substrate. This is because we would expect that for a low height SRR, the capacitance results
almost entirely from the fringing field. The small plate area makes the field between the plates insignificant.
We expect half the fringing fields to be in the substrate and half to be in air.

















We see that the result is very close to the ratio ωsub/ωair for a 0.2 µm high SRR in the table of fig. 4.15.
It is worthy to note that there have been detailed studies into the effects of the substrate on the spectral
behavior of frequency selective surfaces (FSS), to which metamaterials are closely related. FSS often consist
of thin strips on metal on a substrate. These studies have concluded that the equivalent circuit capacitance
of a strip grating at the boundary of two dielectric media of dielectric constants 1 and 2 is larger than the
free space capacitance by (1 + 2)/2, as we have concluded above [71,72].
4.4.5 Section Summary
In conclusion, we have applied a new lithography technique to fabricate SRRs with heights exceeding that
usually available with conventional lithography techniques. Measurements and simulations indicate the
presence of the characteristic LC resonance for these high aspect ratio SRRs. Detailed simulations indicated
that the relationship between SRR height and the frequency of the LC resonance is more complicated than is
commonly understood. We offer a refined model to explain how the LC resonance frequency of a SRR freely
suspended in air varies with height. This model takes into account deviations of the SRR from the assumption
of an ideal parallel plate capacitor and a one turn solenoid. We also studied in detail how the substrate
thickness affects the resonance frequency and concluded that SRRs of greater height are affected less by the
presence of a substrate. Our work should improve the understanding of the properties of LC resonances in
SRRs, and in particular, gives insight into the influence of the substrate, which have implications for sensing
applications [71,72].
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4.5 Enhancing Sensing Applications with High Aspect Ratio SRRs
Having studied the characteristics of the LC resonance in detail, we now proceed to build on the findings in
the previous section and apply them to practical application for SRRs.
The resonance of Split Ring Resonators (SRRs) is known to shift upon the addition of a dielectric overlayer,
a feature useful for practical applications. Here, we demonstrate that the frequency shift is enlarged by
increasing the SRR height, thereby potentially enhancing sensitivity and tunability. We fabricated SRRs
resonating at THz frequencies using a focused proton beam. This resulted in SRRs over 8 µm high, with
smooth and vertical sidewalls. THz Time Domain Spectroscopy (THz-TDS) was used for characterization.
Upon applying a dielectric overlayer ( = 2.7), a resonance located at 640 GHz shifted by nearly 120 GHz,
which is much higher than the shift possible in SRRs of lower height. Simulations also indicate a widening
frequency shift as SRR height increases.
4.5.1 Experimental Details
For this work, we made use of the high aspect ratio SRR sample shown in fig 4.5. Here, we shall focus
on the sharper LC resonance at ∼ 0.64 THz and study its frequency shift with a dielectric overlayer. The
dielectric overlayer used was the widely available photoresist from Futurrex Inc. The manufacturer stated
that the dielectric constant of this resist,  is 2.7 ± 0.2 at 1.0 THz. This resist was spin coated on top of
the SRR array. The spincoating speed was set to yield a 4 µm thick layer. A total of 3 layers were spin
coated onto the sample. Figure 4.19 below shows optical micrographs of the SRR array as successive layers
of photoresist are added.
While the spin coating speed was set to yield a 4 µm thick layer, fig. 4.19(a) indicates that the first layer
was considerably thicker than 4 µm, as the resist flow was obstructed by the 8 µm high SRR array. It also
appears that the resist adhered to the sidewalls of the SRRs and filled much of the space between the gaps.
We estimate the final thickness to be about 16-17 µm, with the first layer 8-9 µm thick. These estimates are
based on visual inspection in the microscope by varying the focus depth.
Between the application of each layer, the sample was characterized using the THz-TDS set up already
described in Section 2.1.3. In this way, we were able to see the effects on the transmission spectrum as each
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Figure 4.19: Optical micrographs of the SRR array shown in fig. 4.5 are one (a), two (b) and three (c) layers
of photoresist are added.
layer was added. In fig. 4.20, we show how the measured spectra changes with more layers of photoresist
applied. We see that the shift in frequency of the LC resonance, ∆ω, increases as more layers of photoresist
are added. By the 3rd layer, the photoresist completely covered the SRRs and it appears that the frequency
shift is beginning to saturate. The resonance frequency has shifted to about 0.52 THz, a shift of almost 120
GHz or 18%. Simulated data matched experimental results well.
Figure 4.20: THz-TDS Measured (a) and simulated (b) amplitude transmission as layers of photoresist with
 = 2.7 are added
4.5.2 Discussion
A suitable comparison for this present work is that of O’Hara et al [9], where the dimensions of the SRRs are
similar, but the height is about 200 nm. The SRRs where fabricated on a Si substrate and had ωLC = 0.460
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THz. Characterization in the case of O’Hara was carried out using the same THz-TDS facility as this present
work. Using the same resist as this present work, O’Hara et al reported a maximum ∆ω of 30 GHz (about
7%) when less than 20 µm of resist is applied. This indicates that increased aspect ratio leads to a larger
maximum frequency shift.
Figure 4.21: Amplitude transmission of a the SRR metamaterial without(solid curve) and with (dotted
curve) a 16 µm thick resist layer. The SRR array here has very similar lateral dimensions with d = 5 µm,
w = 5 µm, t = 5 µm and l = 40 µm. The SRR height was about 200 nm. Figure as publishjed in [9]
O’Hara et al also reported that ωLC started to saturate at about 16 µm, even though resist thicknesses of
up to 90 µm were tested. This comparison thus gives us direct experimental evidence that the maximum
∆ω that can be achieved is greater in SRRs of greater height.
Additional evidence for the benefit of increased aspect ratio is presented in Figure 4.22. Here, we show
the simulated ωLC for SRRs of varying heights, with (blue curve) and without (black curve) a 20 µm thick
dielectric overlayer ( = 2.7). The substrate is Si. We see that the frequency gap between the black and
blue curves increases with SRR height. Both curves show an increasing trend for ωLC , but at different rates.
ωLC increases faster for uncoated SRRs, and thus widens the frequency gap at greater SRR heights. The
difference in the rates of increase is thus important - it is this difference that results in a large frequency
shift when SRRs of greater height are covered in a dielectric film. This difference is therefore important and
should be explained.
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Figure 4.22: Plot of ωLC for SRRs without (blue curve) and with (black curve) a 20 µm dielectric overlayer.
For SRRs completely embedded in Si (red curve) the trend is reversed.
Figure 4.22 also shows the simulated ωLC for SRRs embedded in Si (red curve). For the embedded case, ωLC
decreases as SRR height is increased. We have reported and discussed this trend in the previous section. In
embedded SRRs, the same dielectric is present both above and below the SRR and fills the SRR gaps. The
SRRs are thus under the influence of a single dielectric. Therefore, the observed decreasing trend for ωLC
must be due purely to aspect ratio effects. On the other hand, SRRs attached to a dielectric substrate sit
at an air-dielectric interface. In this case, the influence of the dielectric substrate diminishes with increasing
SRR height - as height increases, the contribution of the air filled gap will be more dominant. Therefore, for
SRRs on a substrate ωLC increases with height, in part due to the effect of being at a dielectric interface.
SRRs coated with a dielectric coating can be treated as an intermediate situation between the attached and
embedded ones. In this work,  for the coating is greater than for air, but less than for Si. This coating
replaces the air in the SRR gaps and covers the SRRs. In fig. 4.22, we see that the ωLC curve for the coated
SRRs (black) lies between the uncoated (blue) and embedded (red) curves. The rate of change of ωLC with
SRR height is also intermediate - ωLC rises with SRR height, but less quickly than for the uncoated case.




In conclusion, we have demonstrated experimentally and numerically that high aspect ratio SRRs are able
to achieve a larger frequency shift upon the application of a dielectric layer. The enhanced frequency shift
would offer higher sensitivity or allow passive frequency tuning over a wider range. Thus, high aspect ratio
metamaterials represent a possible option for enhancing the performance of practical devices. PBW, which
we have used in this work, is a direct write technique valuable for fast phototyping and fundamental studies.
To increase throughput for practical applications, we can use masked fabrication with, for example, a uniform
broad proton beam.
4.6 Enhancing Sensing Applications with Thin Substrates
4.6.1 Introduction
Recently, there has been some interest in fabricating metamaterials on thin membranes like Silicon Nitride
[63, 64] and Parylene [65]. Such flexible metafilms enable layering schemes and conformal placement onto
curved surfaces, thus allowing even greater potential for applications. It is also believed that such metafilms
will be more sensitive. In one case, the metamaterial showed sensitivity to the presence of a single atomic
layer of graphene on its surface [63]. This sensitivity results because thin substrates lower the effective
permittivity of the supporting medium and allow simple transmission measurements due to lower loss.
There is thus strong motivation to study how a metamaterial on thin, flexible substrate differ from those on
thicker substrates.
Here, we will study how the substrate thickness and the SRR aspect ratio impacts the use of the SRR LC
resonance for sensing applications. In particular, we want to establish if thinner substrates can indeed offer
advantages like enhanced sensitivity compared to thick substrates. In the previous section, we showed the
advantage of using high aspect ratio SRRs fabricated using the Proton Beam writing technique. This allows
an increased shift in the frequency of the LC resonance upon the application of a dielectric layer. However,
it might be difficult to exploit such an advantage as there are limited facilities which can fabricate the high
aspect ratio SRRs as shown. We thus also wish to establish if there is a way to increase sensitivity apart
from increasing SRR height.
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4.6.2 Methodology
For this study, we used the results from our simulations in section 4.4.4, as well as additional simulations of
dielectric films over substrates of varying thicknesses.
4.6.3 Results and Discussion
Here we focus on the LC resonance which is often exploited for functionalities such as thin film sensing.
In the previous section, we have examined the effects of the substrate thickness on this LC resonance. As
we have shown, the SRR height also affects the LC resonance. It is thus necessary to study the combined
influence of both effects.
In fig. 4.23(a), we show the LC resonance frequency (ω) for SRRs of different heights as a function of
substrate thickness. Here, we see that ω is most sensitive to changes in the substrate thickness when the
substrate is thin for all three values of h. However, SRRs with h = 200nm (black curve, squares) are most
sensitive. In this case, ω is just above 1.1 THz with no substrate, and drops by over 500 GHz when 5 µm of
Si substrate is added. This is a very large shift and indicates that metamaterial on substrates of sub-micron
thickness would be especially sensitive even to very small changes in their dielectric environment.
It should be noted that when the substrate is sufficiently thin, ω can be shifted by adding more dielectric
to the substrate side of the metamaterial film. This effect can be exploited for sensing applications where it
is not desirable to apply the analyte sample as an overlayer (i.e. from the metal film side) due to durability
and compatibility issues. The thinness of the substrate allows the analyte sample film to be detected via
its effect on the dielectric environment of the metafilm. For a thick substrate, applying the analyte film to
the substrate side would result in only a very small shift in ω, even if the sample film is relatively thick
(increasing substrate thickness from 10 µm to 20 µm leads to only an small change in ω in Fig. 4.18).
Even in cases where the analyte film is applied as an overlayer, considerable advantage can be gained with
a thinner substrate. Figure 4.24 illustrates the effect of substrate thickness on the sensitivity of SRRs to
the application of a thin dielectric overlayer. Here, we show the effect of adding a 1 µm thick overlayer of
a dielectric with  = 2.0 onto an SRR (h = 200nm). The results for two substrate thickness (1 µm and 70
µm) are compared.
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Figure 4.23: Variation in the simulated LC resonance frequency as the substrate thickness is increased for
SRRs of height 200 nm (black curve, squares), 10 µm (red curve, circles) and 50 µm (blue curve, triangles).
We see that the frequency shift for the thinner substrate (almost 30 GHz) is much larger than the change for
the thicker substrate (<10 GHz). Our results thus indicate another way (apart from increasing h) in which
the sensitivity of SRRs can be enhanced. This enhancement would be most pronounced if a sub-micron layer
of a substrate with a lower dieletric constant, such as Silicon Nitride is used. The approach can be also be
especially useful in cases where the sample volume is very limited, as the advantage of using high aspect
ratio SRRs is most apparent when there is sufficient sample to completely cover the SRRs, as we have shown
in Section 4.5.
4.6.4 Section Summary
In summary, we have applied the results of our studies into the influence of aspect ratio and substrate
dielectric constant in detail for SRRs in the THz regime. In this process, we gained a better understanding
of the dual effects of substrate and SRR aspect ratio and showed that these factors can be used as a means
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Figure 4.24: Effect of substrate thickness on sensitivity : shift in ω upon addition of 1 µm overlayer of  =
2 onto SRRs on silicon substrates 1 µm thick and 70µm thick.
to control metamaterial resonances and thus to enhance performance for sensing applications. Our results
indicate that metafilms on thin substrates can offer increased sensitivity through a larger frequency shift
upon a given change in the dielectric environment.
4.7 Conclusion
In conclusion, we have successfully fabricated high aspect ratio SRR array using the Proton Beam Writing
lithography technique. We also studied the effects of SRR height and dielectric environment in detail. We
found that the relationship between SRR height and the frequency of the LC resonance is dependent on the
dielectric environment of the SRR. SRRs located at the interface of two dielectrics have a different behavior
from SRRs surrounded by a single medium. We have applied the results of this study and experimentally
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verified that, compared to conventional SRRs, high aspect ratio SRRs have greater frequency shifts upon the
application of a dielectric analyte layer, thereby offering increased sensitivity. We have also demonstrated
that locating SRRs on thin substrates is an alternative way to enhance sensitivity.
Chapter5
Analogue of Electromagnetically Induced
Transparency in a Terahertz Metamaterial
In this chapter, we investigate another interesting property of metamaterials - that they can mimic ef-
fects from solid state physics and quantum mechanics. Here, we experimentally demonstrate at terahertz
frequencies a planar metamaterial of our own design with exhibits a spectral response resembling Electro-
magnetically Induced Transparency (EIT). The metamaterial unit cell consists of a split ring surrounded
by another closed ring where their dimensions are such that their excitable lowest order modes have similar
resonance frequencies but very different linewidths. Terahertz time-domain spectroscopy verifies that the
interference of these two resonances results in a narrow transparency window located within a broad opaque
region. In contrast to previous studies this enhanced transmission is achieved by independently exciting two
resonances in which their coupling to the radiation field differs strongly. The experimental results are in
excellent agreement with numerical simulations, which also show that the transparency window is associated




Much emphasis in recent research has been placed on mimicking effects known from solid state physics
and quantum mechanics in optical systems [73]. The advantage of optical systems is that they provide a
means to visualize the classical analogues of a wide variety of coherent quantum phenomena encountered in
atomic, molecular or condensed-matter physics using optical waves. Compared to quantum systems, optics
offers the rather unique advantage of a direct mapping of the wave function evolution in coordinate space
by simple techniques such as fluorescence imaging or scanning tunneling optical microscopy. Prominent
examples include optical analogues of the Zeno effect [74], Bloch oscillations [75] and Zener tunneling [76].
Moreover, such studies can inspire new designs and practical applications for optical systems.
Recently, metamaterials were put forward as a promising way in which effects in quantum mechanical systems
can be mimicked. A notable example is the successful application of the plasmon hybridization model [41]
to explain complex coupling behavior in vertically stacked cut wires [42] and split rings [44]. This allowed
the resonances of complex metallic nanostructures to be explained on the basis of the coupling between
individual plasmonic entities; just as molecular orbital theory explains transitions by linear combinations of
atomic orbitals. It has been shown that metamaterials may be used to mimic the quantum phenomenon of
electromagnetically induced transparency (EIT) [62, 77]. This was first experimentally demonstrated in the
radio frequency regime [78] whereas a theoretical study has been performed in the optical regime [79]. Since
then, additional experimental work in this area has been reported [52,80–84]. In this chapter, we report the
results of our studies into a new metamaterial structure which mimics EIT.
5.2 Electromagnetically Induced Transparency (EIT)
5.2.1 Introduction to EIT
The term Electromagnetically Induced Transparency first appeared in a paper by S. E. Harris in 1990 [85].
Since then, the phenomena has been experimentally proven [86]. Reviews of the topic are available [87,88]
EIT refers to the phenomenon where an otherwise opaque atomic medium is rendered transparent to a probe
laser beam by a second, coupling beam to which the medium is also opaque [87, 88]. The presence of the
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coupling beam results in a transparency window of narrow spectral width within a broad absorption band.
EIT was first experimentally demonstrated in optically opaque strontium vapor [86]. In fig 5.1, we show
results reproduced from this work. Without the coupling beam, a plot of transmission against the probe
beam frequency reveals a broad absorption dip (fig. 5.1(a)). When the coupling beam is present, a narrow
transparency window appears within the absorption dip, resulting in a “W” shaped spectrum (fig. 5.1(b)).
Figure 5.1: EIT in Sr vapor. Transmission spectrum without the coupling beam (a) and with the coupling
beam present (b). The presence of the coupling beam induced a narrow transperancy window in the broad
absorption dip. Adapted from [86].
EIT normally occurs in atomic systems with at least three-levels and can be explained by destructive quantum
interference between the probe and the coupling beam, which are tuned to different transitions of the three
level system. Figure 5.2 below shows the partial energy level diagram of Strontium vapor, showing the
three levels which are involved in EIT [86]. The coupling laser is tuned to the |3〉 - |2〉 transition and its
wavelength is held fixed. The probe laser is variable and centered around the |3〉 - |1〉 transition. In this case.
the opaque |3〉 - |1〉 transition is rendered transparent to radiation at its resonance frequency by applying
an electromagnetic coupling field between the upper state |3〉 of the transition and another state |2〉 of the
Sr atom. It is important to note that this transparency is not due to the upper |3〉 state being saturated.
In fact, most of the atoms remain in the |1〉 ground state. The transparency is due instead to quantum
interference : the probability amplitude of state |3〉 is driven by two terms of equal amplitude and opposite
phase. This interference occurs when the probe beam is tuned to the |3〉 - |1〉 transition and thus results
in a small transparency window. For this to occur, the |2〉 state has to be a metastable state with a long
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lifetime.
Figure 5.2: Partial energy level diagram of neutral strontium. The coupling laser of wavelength λc couples
the |3〉 state to the |2〉 thus rendering the otherwise opaque |3〉-|1〉 transition transparent when the probe
laser (wavelength λp) is tuned to resonance. Reproduced from [86].
5.2.2 EIT and slow light
An important aspect of quantum interference effects is that it can be used to manipulate the optical properties
of quantum systems. An interesting effect of EIT is that within the transparency window, a light pulse can
be slowed considerablely. This effect was demonstrated by Hau et al , who reported EIT in a gas of sodium
atoms cooled to nanokelvin temperatures by evaporative and laser cooling [89]. In this medium, light pulses
propagated at a speed of 17 ms−1 .
The slowing of a light pulse occurs because within the EIT transparency window, there is a region of
sharp normal dispersion (i.e. refractive index increases with frequency), instead of the anomalous dispersion
(refractive index decreases with frequency) typically associated with a resonance (see fig. 5.3.) As the
transparency window is narrow, the rate of change of refractive index with frequency within the transparency
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window is quite steep. As can be seen from fig. 5.3, the region of normal dispersion is located between two
regions of anomalous dispersion.
Figure 5.3: Calculated transmission profile from the atom cloud as a function of the detuning of the probe
beam from the frequency of the |3〉-|1〉 resonance. used in that work of Hau et al (a) and the resulting
refractive index profile (b). Reproduced from [89].
The group velocity (vg) of an electromagnetic pulse containing a range of frequencies is given by :
vg =
c
nωp + ωp dndω
(5.1)
Here n(ωp) is the refaction index at the probe frequency ωp. We thus see that a very steep normal dispersion
can thus result in significant slowing of the light pulse.
The ability to significantly slow the speed of light has important potential applications such as in the
construction of tunable optical delay lines. However, the use of EIT in atomic vapor for practical applications
would result in significant challenges due to the need for ultra low temperatures and high powered lasers. It
would thus be desirable to duplicate EIT in a system that does not involve the difficulties needed to maintain
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a atomic metallic gas.
5.2.3 Classical Analogues to EIT
Analogues to the quantum phenomenon of EIT exist in classical oscillator systems. Alzar et al showed that a
system of masses and springs, as well as a circuit that includes inductors and capacitors can display behavior
analogous to EIT [90] in a three level system as shown below (fig. 5.4).
Figure 5.4: Left panel : Three energy level atom considered in the paper by Alzar et al . In the case, the
“pumping laser” is tuned to the |1〉 - |0〉 transition and is equalvalent to the coupling laser discussed in the
previous subsections. Right panel : the mass spring system used create an classical EIT analogy. Adapted
from [90].
Coupled Spring-Mass system
Alzar first considered a system consisting of two masses linked by springs, of which one mass is driven by
an external harmonic force (See fig. 5.4). In this system, the mass with spring constant K couples the two
masses.
The authors considered the physical analogy between the spring mass model and the three-level atom coupled
to two light fields as follows : the atom is modeled as mass 1 with resonance frequency ω. The probe field is
modeled as external harmonic force of angular frequency ωs and the pump field is simulated by the coupling
of the mass via the spring of constant K. To simplify the analysis, the degenerate case of m1 = m2 and
k1 = k2 was considered. This is analogous to the degenerate case where |1〉 and |2〉 have the same energy.
γ1 and γ2 are respectively the friction constants associated with mass 1 and mass 2. γ1 simulates the
spontaneous emission from the excited state |0〉 and γ2 simulates the energy dissipation rate of the pumping
transition.
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The coupled differential equations for the displacements of the masses 1 and 2 from their equilibrium positions















x2 + ωx2 − Ω2rx1 = 0 (5.3)
We let Ω2 = K/m, this is a measure of the strength of the coupling between the two resonators. By assuming
a solution of the from x = N exp(iωst) for both x1 and x2, the authors found that :
x1 =
(
ω2 − ω2s − iγ2ωs
)
F exp−iωst
m [(ω2 − ω2s − iγ1ωs) (ω2 − ω2s − iγ2ωs)− Ω4]
(5.4)





ω2 − ω2s − iγ2ωs
)
m [(ω2 − ω2s − iγ1ωs) (ω2 − ω2s − iγ2ωs)− Ω4]
(5.5)
Plots of P1 for various values of Ω are shown in fig 5.5 below. Here, δ = ωs−ω and is the detuning between
the driving and the oscillator frequencies.
We see that for Ω = 0 we have the standard absorption profile, with a single peak when the frequency of
the driving force ωs is equal to ω). In this case, K = 0 and is achieved by removing the coupling spring
with constant K. As the value of K (and therefore Ω is increased, a double peak shape is observed which is
analogous to the EIT transparency window. The authors emphasized that γ2 has to be significantly smaller
than γ1, and therefore, there is no significant increase of dissipation in the system from adding the second


























Fig. 2!, the absorption profile is modified. As we shall see,
we can observe a profile whose features are similar to elec-
tromagnetically induced transparency evolving to an Autler–
Townes-like doublet as a function of K. As a matter of fact,
this doublet is the normal-mode splitting. For simplicity, we
will consider the case k1!k2!k and m1!m2!m .
The physical analogy between our model and the three-
level atom coupled to two light fields is as follows. The atom
is modeled as oscillator 1 "particle 1! with resonance fre-
quency #1 . Because we have chosen k1!k2!k and m1
!m2!m , we have the analog of a degenerate $ system
"ground states !1% and !2% have the same energy!. The pump
field is simulated by the coupling of oscillator 1 to the sec-
ond oscillator via the spring of constant K "recall that the
quantized description of the field is in terms of harmonic
oscillators!. The probe field is then modeled by the harmonic
force acting on particle 1.
To provide a quantitative description of the system, we
write the equations of motion of particles 1 and 2 in terms of
the displacements x1 and x2 from their respective equilib-
rium positions:




x¨2" t !"&2x˙2" t !"#2x2" t !#'r2x1" t !!0. "1b!
We have set (s!0 for the probe force without loss of gen-
erality. We also let 'r2!K/m , the frequency associated with
the coherent coupling between the pumping oscillator and
the oscillator modeling the atom; &1 is the friction constant
associated with the energy dissipation acting on particle 1
"which simulates the spontaneous emission from the atomic
excited state!; and &2 is the energy dissipation rate of the
pumping transition.
Because we are interested in the power absorbed by par-
ticle 1 from the probe force, we seek a solution for x1(t). Let
us suppose that x1(t) has the form
x1" t !!Ne#i#st, "2!
where N is a constant. After assuming a similar expression







Then if we compute the mechanical power P(t) absorbed
by particle 1 from the probe force Fs ,
P" t !!Fe#i#stx˙1" t !, "4!
we find for the power absorbed during one period of oscilla-






In Fig. 3 we show the real part of Ps(#s) for six values of
the coupling frequency 'r expressed in frequency units.
These curves were obtained using the values &1!4.0
$10#2, &2!1.0$10#7, and #0!!k/m!2.0, all expressed
in the same frequency units. The amplitude F/m was equal
to 0.1 force per mass units.
For 'r!0, we have a typical absorption profile, with a
maximum probe power absorption for ,!0, where ,!#s
## is the detuning between the probe and the oscillator
frequencies. If we increase 'r to 0.1, we observe the appear-
ance of a narrow dip in the absorption profile of Ps(#s). The
zero absorption at the center frequency of the profile is a
result of destructive interference between the normal modes
of oscillation of the system.9 A further increase of the cou-
Fig. 1. The energy diagram of a three-level $-type atom interacting with
two laser beams, coupling the two ground states to a common excited
atomic state. Note that, if we connect each ground state to the excited state
by a straight line, we draw the Greek letter $ , hence the name.
Fig. 2. The mechanical model used to simulate EIT.
Fig. 3. The frequency dependence of the absorption of the probe energy by
particle 1. The values of ' r are "a! 0.0, "b! 0.1, "c! 0.2, "d! 0.3, "e! 0.4, and
"f! 0.5 in frequency units.
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particle 1. The values of ' r are "a! 0.0, "b! 0.1, "c! 0.2, "d! 0.3, "e! 0.4, and
"f! 0.5 in frequency units.
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Figure 5.5: The frequency dependence of the absorption of the probe energy by particle 1. The values of Ω
are (a) 0.0, (b) 0.1, (c) 0.2, (d) 0.3, (e) 0.4, and (f) 0.5 in frequency units.. Reproduced from [90].
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Coupled RLC system
The analogy between the spring mass system and the Inductor-Capacitor (LC) system is a well known. Alzar
et al also investigated the electrical analogue of coupled the spring-mass system and studied an electrical
analogue to EIT. The RLC circuit, and the corresponding mechanical and electrical parameters, is shown
in fig. 5.6. Analogous to the spring-mass system, there is a R2L2C2 circuit that is driven by an external
harmonic potential (Vs), coupled via a capacitor C to another R1L1C1 circuit.
Mechanical Model Electrical Model
γ2 (γ1) R1/L1 (R2/L2)
m2 (m1) L1 (L2)
k2 (k1) 1/C1 (1/C2)
K 1/C
x2 (x1) q1 (q2)
(F/m) expiωst Vs)/L
Figure 5.6: Left : Diagram of circuit used to model EIT. Right : Table showing correspondences between
the mechanical and electrical parameters. Reproduced from [90].
Here, the authors considered the analogy between the coupled RLC circuit and the three level atomic system
as follows : The atom is modeled using the resonant circuit formed by L2, C2 and the coupling capacitor
C. R2 thus represents the spontaneous readiative decay from the excited level. The circuit with L1, C1 and
C simulates the pumping laser. The coupling capacitor C models the coupling between the atom and the
pumping field, and determined the Rabi frequency associated with the pumping transition. In this case, the
probe field is simulated by the frequency tunable voltage source Vs. The authors set L1 = L2 and C1 = C2,
analogous to a degenerate atomic system. R1 should be much smaller than R2, meaning that closing the
switch (SW ) does not significantly increase the resistive impedance of the circuit

















Here, ω21 = 1/L1Ce1 where Ce1 is the equivalent capacitance given by the series combination of C1 and C
(= C1CC1+C ). Ω
2 = 1/(L2C). Here, the induced transparency is investigated by analyzing the power transfer
from the voltage source Vs to the resonant circuit R2L2Ce2 (P2). This is is related to the amplitude of the































In the electric case, an experimental investigation was carried out. The authors measured the voltage drop
across the inductor L2 as a measure of the power transferred to the driven circuit. The results are shown in
fig. 5.7. Once again EIT like behavior is clearly seen.
Figure 5.7: The power transferred to the circuit R2L2C2 as a function of the frequency ω for different values
of the coupling capacitor C. The values of C are (a) C = 0.196µF, with resonance frequency (fres) 20.0
kHz, (b) C = 0.150µF, fres = 19.5 kHz, (c) C = 0.096µF, fres = 21.5 kHz, (d) C = 0.050µF, fres = 26.5
kHz. The open squares correspond to measurements made with the switch S open, equivalent to turning
the pump beam off. The open circles correspond to measurements made with the switch closed. Adapted
from [90].
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5.2.4 Metamaterial Analogies to EIT
Alzar et al demonstrated the analogy between coupled RLC circuits and EIT. Since metamaterial unit cells
like SRRs can be modeled as LC circuits, metamaterial analogies are clearly possible.
A metamaterial analogue to EIT is a highly appealing phenomenon to study because quantities like trans-
mission and dispersion can be directly measured and compared to the quantum mechanical systems. The
resonances are excited by the external electromagnetic radiation and therefore more specific analogies can
be drawn between the metamaterial system and atomic system. By designing metamaterials with unit cells
consisting of two resonating elements, it is possible to directly demonstrate the effects of coupled resonances
on the optical properties.
The possibility of using metamaterials to duplicate EIT-like effects was mentioned in a paper reporting the
properties of asymmetrical split rings [62, 77]. Compared to symmetrical split rings, such split rings with
a slight asymmetry displayed a sharp “trapped mode” resonance which results in a narrow transmission
peak within a broader absorption band. The trapped mode is characterized by their very weak coupling
to free space. This arises from counter-propagating currents in the two arms of the split rings which are
weakly coupled to free space - the counter-propagating currents cancel each other’s effects and result in a
very limited net dipole moment.
Excitation of the trapped mode is analogous to the quantum interference effect which suppresses the reso-
nant transition of the atom into its excited state. In both the classical and the quantum case, interaction
between the medium and electromagnetic radiation at the probe frequency is suppressed, rendering the
medium transparent. In the classical case, the interaction is achieved by the mutual cancellation of counter-
propagating currents. There have been further experimental demonstrations of the EIT-like effects arising
from the trapped mode scheme using a “double fish scale” [78] and a double ring structure [84]. It was also
shown that just like for quantum EIT, slow light effects take place within the transparency window for the
metamaterial EIT-like effect.
Another way to explain EIT-like behavior in metamaterials is that it is the result of interference between two
resonances, in analogy to the quantum interference between two different pathways in quantum EIT. In the
metamaterial case however, the EIT-like effect results from the interference between classical electromagnetic
fields. Metamaterial designs that exploit this approach typically relay on paired resonantors placed close
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diameter into two equal parts but had splits of different
length corresponding to 10 and 30 deg [see Fig. 1(b)].
Transmission and reflection properties of structures of
both types depended strongly on the polarization state of
incident electromagnetic waves. The most dramatic spec-
tral selectivity was observed for the electrical field being
perpendicular to the mirror line of the asymmetrically split
rings, which corresponded to x-polarization in the case of
structure A and y-polarization for structure B (as defined in
Fig. 1). For the orthogonal polarizations, the ASR struc-
tures did not show any spectral features originating from
asymmetrical structuring.
The results of reflection and transmission measurements
of metamaterial A obtained for x-polarization are presented
in Fig. 2(a). The reflection spectrum reveals an ultrasharp
resonance near 6 GHz (marked as II), where reflectivity
losses exceed !10 dB. It is accompanied by two much
weaker resonances (marked as I and III) corresponding to
reflection peaks at about 5.5 and 7.0 GHz, respectively. The
sharp spectral response in reflection is matched by a very
narrow transmission peak reaching !3 dB and having the
width of only 0.27 GHz as measured at 3 dB below the
maximum. The quality factor Q of such response is 20,
which is larger than that of the most metamaterials based
on lossy PCB substrates by at least 1 order of magnitude.
On both sides of the peak, the transmission decreases
resonantly to about !35 dB at frequencies corresponding
to reflection maxima.
Figure 3(a) presents transmission and reflection spectra
of B-type metamaterial measured for y-polarization. A
very narrow resonant transmission dip can be seen near
5.5 GHz, where transmission drops to about !5 dB. The
corresponding reflection spectrum shows an usually sharp
roll-off (I-II) between !4 and !14 dB, spanning only
0.13 GHz at around the same frequency. At the frequency
of about 11.5 GHz, the ASR structure exhibits its funda-
mental dipole reflection resonance (marked as III), where
the wavelength of excitation becomes equal to the length of
the arcs.
To understand the resonant nature of the response, the
ASR structures were modeled using the method of mo-
ments. It is a well established numerical method, which
involves solving the integral equation for the surface cur-
rent induced in the metal pattern by the field of the incident
wave. This is followed by calculations of scattered fields as
a superposition of partial spatial waves. The metal pattern
is treated as a perfect conductor, while the substrate is
assumed to be a lossy dielectric. For both transmission
and reflection, the theoretical calculations show a very
good agreement with the experimental results assuming
" " 4:07# i0:05 (see Figs. 2 and 3, filled circles). For
comparison, we also modeled metamaterial composed of
split rings with no structural asymmetry, i.e., equally split
along their diameter. Our calculations indicate that for both
polarizations, the response of such structure is free from
sharp high-Q resonant feature (see Figs. 2 and 3, open
circles).
The origin of the unusually strong and narrow spectral
responses of the ASR structures can be traced to so-called
‘‘trapped modes,’’ i.e., electromagnetic modes that are
weakly coupled to free space. It is this property of the
trapped modes that allows in principal to achieve high-
quality resonances in very thin structures [7]. These modes
are normally inaccessible in symmetrically split rings, but
can be excited if the metamaterial’s particles have certain
structural asymmetry that allows weak coupling to free
space.
FIG. 2 (color online). (a) Normal incidence reflection and
transmission and absorption (linear scale) spectra of A-type
metamaterial [presented in Fig. 1(a)] for x-polarization: solid
line—experiment, filled circles—theory (method of moments),
empty circles—theory for reference structure with symmetri-
cally split rings. (b) x-Component of the instantaneous current
distribution in the asymmetrically split rings corresponding to
resonant features I, II, and III marked in section (a). Arrows
indicate instantaneous directions of the current flow, while their
length corresponds to the overall current strength, and the mid-
point shows location of the current density maximum.
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to reflection maxima.
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very narrow resonant transmission dip can be seen near
5.5 GHz, where transmission drops to about !5 dB. The
corresponding reflection spectrum shows an usually sharp
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line—experiment, filled circles—theory (method of moments),
empty circles—theory for reference structure with symmetri-
cally split rings. (b) x-Component of the instantaneous current
distribution in the asymmetrically split rings corresponding to
resonant features I, II, and III marked in section (a). Arrows
indicate instantaneous directions of the current flow, while their
length corresponds to the overall current strength, and the mid-
point shows location of the current density maximum.
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comparison, we also modeled metamaterial composed of
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along their diameter. Our calculations indicate that for both
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sharp high-Q resonant feature (see Figs. 2 and 3, open
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‘‘trapped modes,’’ i.e., electromagnetic modes that are
weakly coupled to free space. It is this property of the
trapped modes that allows in principal to achieve high-
quality resonances in very thin structures [7]. These modes
are normally inaccessible in sy metrically split rings, but
can be excited if the metamaterial’s particles have certain
structural asymmetry that allows weak coupling to free
space.
FIG. 2 (color online). (a) Normal incidence reflection and
transmission and absorption (linear scale) spectra of A-type
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We report that a resonance response with a very high quality factor can be achieved in a planar
metamaterial by introducing symmetry breaking in the shape of its structural elements, which enables
excitation of trapped modes, i.e., modes that are weakly coupled to free space.
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Metamaterials research has attracted a tremendous
amount of attention in recent years. The interest is mainly
driven by the opportunity of achieving new electromag-
netic properties, some with no analog in naturally available
materials. Extraordinary transmission [1], artificial mag-
netism and negative refraction [2], invisible metal [3],
magnetic mirror [4], asymmetric transmission [5], and
cloaking [6] are just a few examples of the new phenomena
that have emerged from the development of artificially
structured matter.
The exotic and often dramatic physics predicted for
metamaterials is underpinned by the resonant nature of
their response, and therefore, achieving resonances with
high-quality factors is essential in order to make metama-
terials’ performance efficient. However, resonance quality
factors (that is the resonant frequency over width of the
resonance) demonstrated by conventional metamaterials
are often limited to rather small values. This comes from
the fact that resonating structural elements of metamateri-
als are strongly coupled to free space and therefore suffer
significant losses due to radiation. Furthermore, conven-
tional metamaterials are often composed of subwavelength
particles that are simply unable to provide large-volume
confinement of electromagnetic field necessary to support
high-Q resonances. As recent theoretical analysis showed,
high-Q resonances involving trapped (or closed) modes are
nevertheless possible in metamaterials, if certain small
asymmetries are introduced in the shape of their structural
elements [7].
In this Letter, we report observation of exceptionally
narrow transmission and reflection resonances in planar
metamaterials (also known as metafilms [8] or frequency
selective surfaces [9]) with weakly asymmetric structural
elements. The appearance of the narrow resonances is
attributed to the excitation of, otherwise inaccessible, sym-
metric current modes (‘‘trapped modes’’), through week
free-space coupling, which is provided by the structural
symmetry breaking.
Metamaterials that were used in our experiments con-
sisted of identical subwavelength metallic ‘‘inclusions’’
structured in the form of asymmetrically split rings
(ASR), which were arranged in a periodic array and placed
on a thin dielectric substrate (see Fig. 1). ASR patterns
were etched from 35 !m copper cladding covering IS620
PCB substrate of 1.5 mm thickness. Each copper split ring
had the radius of 6 mm and width of 0.8 mm and occupied a
square translation cell of 15" 15 mm (see Fig. 1). Such
periodic structure does not diffract normally incident elec-
tromagnetic radiation for frequencies lower than 20 GHz.
The overall size of the samples used were approximately
220" 220 mm. Transmission and reflection of a single
sheet of this metamaterial were measured in an anechoic
chamber under normal incidence conditions using broad-
band horn antennas.
We studied structures with two different types of asym-
metry designated as type A and B in Fig. 1. The rings of
type A had two equal splits dividing them into pairs of arcs
of different length corresponding to 140 and 160 deg [see
Fig. 1(a)]. The rings of type B were split along their
FIG. 1 (color online). Fragments of planar metamaterials with
asymmetrically split copper rings. The dashed boxes indicate
elementary translation cells of the structures.
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Figure 5.8: (Upper panel) Normal incidence transmission and absorption spectra of the asymmetrical split
ring design shown in the insert. Solid line shows experimental data, and filled circles theory (method
of moments), empty circles show the theoretical spectral for reference structure with symmetrically split
rings. (Lower panels) x-component of the instantaneous current distribution in the asymmetrically split
rings corresponding to resonant f atures I, II, and III marked in the transmission spectra. Arrow indicate
instantaneous directions of the current flow, while their length corresponds to the overall current strength,
and the mid-point shows location of the current density maximum. It can be seen that at the transparency
window, counter-propagati g currents of almost qual strength are excited. Adapted from [62]
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together. Zhuang et al carried out a theoretical study of this approach using single and paired bars located
close together (fig. 5.9) [79]. They explained the EIT-like effect as being the result of the coupling of a
so called “bright” and a “dark” plasmonic mode. The bright mode (in this case the single bar which is
aligned parallel to the incident electric field) has a large scattering cross section, or a strong interaction
with electromagnetic radiation at its resonance frequency. The dark eigenmode (the paired bars aligned
perpendicular to the electric field) has a smaller scattering cross section. Here, the single bar functions as a
dipole antenna. The double bar functions as a quadrupole antenna capable of supporting an antisymmetric
mode with counter-propagating currents. This numerical study was carried out at optical frequencies.
excitation of the dark atom (by the radiative atom) cou-
pling back to the radiative atom. At a large separation of
100 nm, where the coupling is weak, the contrast of the dip
is very small, which is due to the finite quality factor of the
resonance in the dark atom. With the increase of coupling
(decreasing separation), the dip widens and becomes
deeper, similar to the quantum EIT in an atomic system.
At the frequency corresponding to the transparency (dip in
the imaginary part of the field), the real part of the electric
field shows a highly dispersive behavior, indicating that a
light pulse travels at a significantly lower group velocity in
a metamaterial consisting of this coupled plasmonic sys-
tem. To visualize this destructive interference between the
two pathways, we compare the 2D distribution of an elec-
tric field at 428.4 THz for the radiative antenna uncoupled
[Fig. 2(c), left] and coupled with the dark atom [Fig. 2(c),
right]. Without coupling to the dark atom, the radiative
antenna is strongly excited by the incident plane wave with
a high electric field forming at its end facets. By placing the
dark atom 40 nm from the radiative one, the electromag-
netic field is coupled back and forth between the radiative
and dark atoms, leading to a destructive interference and a
suppressed state in the radiative atom with a much weaker
electric field at its ends.
Next, we consider an optical EIT-like metamaterial with
the coupled radiative-dark molecule as its building blocks
[Fig. 3(a)]. In the following discussion, the separation
FIG. 3. (a) The schematic of a plasmonic EIT metamaterial.
The transmission spectra (b) and the real part of the susceptibil-
ity (c) for one (black curve), two (black dashed curve), three
(gray curve), and four (gray dashed curve) layers of metamate-
rial. The inset in (b) shows the natural logarithm of peak trans-
mission vs the number of layers along the propagation direction
at the transparency frequency.
FIG. 2 (color online). (a) Top view of the plasmonic system
consisting of a radiative element and a dark element with a
separation d, with light incident at the normal direction. (b) The
real part and imaginary part of a Ex probe placed at 10 nm from
the end facet of the radiative antenna red arrow in (a) for
separations ranging from 40 to 100 nm between the radiative
and dark elements. (c) The 2D field plot of an uncoupled
radiative atom (left) and a radiative atom coupled with a dark
atom with a separation of 40 nm (right) at a frequency of
428.4 THz, as indicated by the red triangle in (b).
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Figure 5.9: (a) The structure proposed by Zhuang et al consisting of a single metal bar (radiative element)
and paired bars (dark element) with a separation d. Radiation is incident at the normal direction. (b) Plots
show the real part and imaginary part of Ex for values of d ranging from 40 to 100 nm. These plots are for
a point 10 nm from the end facet of the radiative antenna as indicated by the red arrow in (a). (c) The 2D
field plot of an uncoupled single bar (left) and the single bar coupled with paired bars for d = 40nm (right)
at a frequency of 428.4 THz, as indicated by the red triangle i (b). Adapted from [79].
Figure 5.9(c) allows us to visualize the suppression of the dipole resonance. We can compare the plots of the
simulated electric field at the transparency ndow (428.4 THz) for the single bar uncoupled (left panel) and
coupled (right panel). We see that the uncoupled bar is stro gly excited, leading to the dipole oscillation
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that interacts strongly with the electromagnetic field. By placing the double bars close to the single bar, the
dipole oscillation is greatly suppressed. As one would expect, transmission in the transparency window is a
function of the separation d. The interaction of the classical fields that lead to the suppression of the bright
mode is analogous to the quantum interference between pathways that lead to EIT.
A stacked version of the single bar-paired bar structure was experimentally studied and analyzed by Liu et
al [83]. In this work, the nanofabricated structures consisted of a single gold bar over and above paired gold
bars (see fig. 5.10). The single top bar serves as a broad linewidth dipole antenna which couples to the
paired bars below. The paired bars acts as a non-radiative quadrupole antenna. Experimental spectra were
collected with a Fourier Transform Infrared Spectrometer. When the single bar is positioned asymmetrically
relative to the paired bars (i.e. s 6= 0 in fig. 5.10) the spectra showed a distinct EIT-like characteristics with
a transparency window at about 170 THz within a broader absorption band.
Figure 5.10: Left panels : Schematic diagram of the stacked plasmonic EIT structure proposed by Liu et al
with definitions of the geometrical parameters: l1 = 355 nm, l2 = 315 nm, w = 80 nm, g = 220 nm, t =
40nm and h = 70 nm. The periods in both the x and y directions are 700 nm. The gold bar in the top layer
is colored red and the gold bar pair in the bottom layer is colored green. Center column and right columns
: Scanning electron micrographs of the fabricated structures and their corresponding experimental spectra
for different degrees of asymmetry (top and middle rows); and when the bottom bar pair is replaced with a
single bar (bottom row). The scale bar is 200 nm. Green and pink circled curves represent the transmittance
and reflectance spectra, respectively. Adapted from [83]
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Liu et al also showed that the coupling strength between the single and the pair bars is strongly influenced
by the degree of asymmetry. When the single bar is symmetrically placed (s=0), only a broad absorption
dip is seen (see fig.5.10 center and left columns, top row). As s is increased, the strength of the transparency
window at 170 THz increases and becomes more prominent (see fig.5.10 centre and left columns, middle row).
The asymmetry of the overlying single bar is thus necessary for the destructive interference which suppresses
the resonance in the overlying single bar. At the transparency window, the resonance of the underlying
paired bars is characterized by anti-symmetric charge oscillation, and the resonance of the asymmetrically
placed single bar on top is almost totally suppressed (see fig. 5.11). The authors thus conclude that radiative
damping is almost completely suppressed and the linewidth of the EIT-like transparency window is solely
limited by the intrinsic Drude loss of the metal.
Figure 5.11: Electric field distribution at resonance as indicated. Antisymmetric charge oscillations are
excited in the bottom wire pair, whereas the top bar contains nearly no field. Graphic from [83]
As a control, a version of the structure (with s = 70 nm) where the bottom bar pair is replaced with a
single bar was fabricated and characterized. The spectra of this modified structure is very different from
the original structure with corresponding degree of asymmetry (compare middle and bottom rows in fig.5.10
center and left columns). The EIT-like spectrum of the original structure exhibits a prominent and narrow
transparency window, while the spectrum of the control structure shows a broad transmission dip band with
only a small, broad peak. The authors attribute the small peak in the spectrum of the control structure to
the overlap of two hybridized resonances.
114
A planar version of the complementary structure was also studied and shown to exhibit a sharp reflection
peak within a broad reflection dip, as predicted by Babinet’s principle [91].
Another example of the paired resonators approach consists of a pair of split rings, one of which is rotated
90◦ with respect to the other (see fig. 5.12(a)). This was first investigated experimentally by Singh et al in
the THz regime [52]. Under normal incidence, the bright entity is the SRR whose gap is orientated parallel
to the incident electric field because this SRR can be excited by the external electromagnetic radiation. The
SRR with its ring orientated perpendicular to the electric field is considered the dark entity, under normal
incidence the LC resonance can be excited only when the electric field is parallel to the gap. However, the
LC resonance of the dark SRR can be excited due to the presence of the bright SRR. The bright SRR breaks
the symmetry of the structure and the resonance in the dark SRR becomes accessible. The coupling of the
bright and the dark plasmonic eigemodes results in a doublet, instead of a single resonance as shown in fig.
5.12(b).
resistivity. Their general layout along with the definition of
all geometrical quantities is shown in Fig. 1. The first set of
samples, MM1–MM3, consists of touching SRRs. The sec-
tion of the arm that both SRRs do share was merged into a
single wire as evident from Fig. 1!a", which represents the
array of MM1. The second set of samples, MM4–MM6,
comprises pairs of SRRs separated by a distance of s
=3 !m. Figures 1!b" and 1!c" show the schematic and the
detailed definition of all geometrical parameters for MM4–
MM6, respectively. The peculiarity of all the samples is the
different position of the gap within the ring in both SRRs.
Each set consists of samples in which the first SRR dimen-
sions are fixed. The exact parameters of its geometry as re-
vealed in Fig. 1!c" are g=2 !m, w=36 !m, l!=36 !m, t
=6 !m, and h=200 nm. The SRRs consist of vacuum-
deposited aluminum. Within each set of samples all the geo-
metrical parameters of the second SRR were kept identical
except its arm length. The length parameter l was subject to
variation and was set to be 36 !m, 51 !m, and 21 !m,
respectively, for MM1 !MM4", MM2 !MM5", and MM3
!MM6". The periodicity of the unit cells for all six structures
is "x=50 !m by "y =100 !m. Each of the MM samples
has a 10#10 mm2 clear aperture and the terahertz wave
illuminates the structure at normal incidence. The polariza-
tion of the electric field is chosen to be parallel to the gap of
the first SRR as indicated in Fig. 1!c". This configuration
allows to excite in the spectral domain of interest only an
eigenmode in the first SRR.18 This eigenmode is bright and
represents the lowest-order odd eigenmode. By contrast, the
lowest eigenmode that can be excited for the second SRR
appears at higher frequencies outside the spectral domain of
interest at 1.33 THz. It is the lowest-order even eigenmode.
Nonetheless, this lowest-order eigenmode is actually the
second-order one of the structure as the first-order eigen-
mode appears to be dark and cannot be excited with the
chosen polarization. The presence of the first SRR, however,
breaks the symmetry and the mode becomes excitable. In the
present investigation the arm length l that is subject to varia-
tion from sample to sample constitutes the parameter that
permits the tuning of the spectral position of the dark relative
to the bright mode. The separation s is the parameter that
allows controlling the coupling strength between these two
eigenmodes.
Figure 2!a" shows the transmission spectra of the sample
MM1. The unit cell of this sample contains two identical
touching SRRs. The second SRR is rotated by 90° with re-
spect to the first one. The transmission spectrum is obtained
by normalizing the measured transmission to the reference
transmission of a blank n-type silicon wafer identical to the
sample substrate. It is hence defined as #Es!$" /Er!$"#, where
Es!$" and Er!$" are Fourier-transformed time traces of the
transmitted electric fields of the signal and the reference
pulses, respectively. Well-pronounced resonances are diffi-
cult to resolve as the odd modes of the first SRR and the
even modes of the second SRR are both excited with the
chosen polarization. Consequently, the resulting spectrum
consists of a series of closely spaced resonances that add up
to such a weakly modulated spectrum, although the spectral
positions of the resonances can be identified as weak dips.
The only resonance that appears well pronounced occurs in
the spectral domain of 0.4–0.6 THz. Figure 2!b" shows this
spectral domain zoomed. From separate simulations it can be
deduced that the resonance position coincides with the
lowest-order odd eigenmode that can be excited in the first
SRR with the chosen polarization. However, we clearly ob-
serve a doublet rather than a single resonance, resulting in a
transparency peak at 0.5 THz. From preliminary consider-
ations we can deduce that the doublet occurs because of the
strong coupling between the bright and the dark plasmonic
eigenmodes. For complementary purpose the figures show
also results from a rigorous numerical simulation of the ex-
perimental situation. Simulation is based on the Fourier
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MM3 where s=0 !m and !b" principal sketch of samples MM4–
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parameters as the example of the unit cells for MM4–MM6. They
are chosen to be t=6 !m, g=2 !m, l!=w=36 !m, h=200 nm,
and s=3 !m and l is subject to variations. The periodicity of the
unit cells in all samples, MM1–MM6, is "x=50 !m by "y
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FIG. 2. !Color online" Measured and simulated amplitude trans-
mission spectra of MM1 array which consists of touching SRRs
with identical arm lengths. The incident E field is polarized parallel
to the gap of the first SRR in the unit cell.
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allows controlling the coupling strength between these two
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by normalizing the measured transmission to the reference
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positions of the resonances can be identified as weak dips.
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deduced that the resonance position coincides with the
lowest-order odd eigenmode that can be excited in the first
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(a) (b) 
Figure 5.12: (a) The “paired SRR’ structure studied by Singh et al, consisting of two SRRs with one rotated
90◦ relative to the other. The structures were designed to have resonance frequencies in the THz regime.
(b) Measured (solid blue) and simulated (dotted red) amplitude transmission of the a structure in which the
SRRs are touching. Adapted from [52]
T e paired SRR structure was further studied by Liu et al, who also studied the complementary structure
as well [82]. Liu et al explained the excitation of the dark SRR as result of magnetoinductive coupling, a
coupling mechanism specific to metamaterials. In the complimentary structure, the dark mode is excited as
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a result of electroinductive coupling. A design based on a single split ring coupled with a doubly split ring
was also proposed and studied [80].
5.3 Proposed design for an EIT metamaterial
5.3.1 Motivation
We have discussed several examples of previous work whereby metamaterials have been used to demonstrate
EIT-like effects using a variety of structures. There are two broad approaches for the development of a
metamaterial that mimics EIT. The first is to use a “trapped mode” approach, exploiting anti-symmetric
currents which greatly suppress the overall dipole moment of the structure at resonance. The second is to
employ two coupled resonators. The interference between the two resonators suppresses the interaction of
the so-called “bright” entity with the electromagnetic field.
In developing a strong analogy to EIT using the second approach, a significant difference in the quality
factors (or linewidth) of the two resonances involved is required. The bright eigenmode must exhibit a strong
coupling to the radiation field (large linewidth, low quality factor) whereas the dark mode should only weakly
couple to this field (narrow linewidth, large quality factor) [88]. However, in all experimental implementations
thus far [52, 78, 82] the spectral properties of the dark mode could not be accessed independently since it
was exclusively excited by virtue of its coupling to the bright mode. Such studies have demonstrated the
fully asymmetrical case of only the bright mode coupling with the external field. In these cases, symmetry
breaking was needed to excite the dark mode.
In this work we want to consider a slightly different approach. We seek to couple two resonances of different
line widths, both of which are independently excitable by the external field. In this way, the dark mode can
be assessed separately and its properties determined. The requirement for symmetry breaking to excite the
dark mode can also be removed.
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5.3.2 Modified SRR Design
We thus seek two resonances which occur at the same frequency, but have very different line widths. A look
at the transmission spectrum of a typical SRR shows how this can be achieved. Recall that an SRR supports
an LC resonance as well as a dipole resonance. The LC resonance has a significantly narrower line width
than the dipole resonance, but occurs at a lower frequency. While the LC resonance is found only in a split
ring, the dipole resonance is similar to the one found on cut wires and can therefore occur on closed rings.
By having an split ring enclosed within a larger closed ring, it should be possible to have the LC resonance
of the inner split ring occur at the same frequency as the dipole resonance of the outer closed ring. For both
the closed and split ring, we seek to exploit their fundamental eigenmodes, or their lowest order resonances.
We thus propose a planar modified split ring resonator design as shown in fig. 5.13 as a possible candidate
for metamaterial with EIT-like spectral properties. The structure consists of a metallic split ring enclosed
within a larger, closed metallic ring. Such a planar structure can then be studied numerically as well as







Figure 5.13: Proposed structure for achieving EIT-like behavior using a modified SRR design. This design
would couple LC resonance of the inner, open ring (narrow linewidth) to the dipole resonance of the outer
ring (broad linewidth). Both resonances are independently excitable.
In this design, the parameters D and d will need to be chosen carefully to ensure that the fundamental
eigenmodes of the inner and the outer ring are at the same frequency. For the inner split ring, the fundamental
eigenmode is its LC resonance, assigned as the dark mode due to its narrower line width. For the outer closed
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ring, the fundamental eigenmode would be the dipole resonance since a closed ring does not support an LC
resonance. This dipole resonance, with a wider linewidth, would be assigned as the bright mode. In this
design, the dark eigenmode of the inner split ring should remain excitable even in the absence of the closed
outer ring. This is in contrast to the fully asymmetrical case of previous experimental implementations.
5.3.3 Numerical investigation
A numerical study was first carried out using CST Microwave StudioTM. The objective was to determine if
our design had EIT-like properties and if so, to optimize the parameters of our design.
Spectral properties
The first step is to select suitable parameters for the closed and the open ring to ensure the overlapping of
their respective lowest order resonances. The THz regime was chosen for this study as there was to date, no
verification of the EIT phenomenon in this frequency regime. This would mean that the overall dimensions
of the structure will be similar to what was used in the previous section. The easiest way to achieve the
overlapping resonances would be to fix the dimension of the one of the rings and then to vary the dimensions
of the other ring untill the LC resonance coincides with the dipole resonance of the closed ring.
Figure 5.14 shows the individual simulated spectra (under normal incidence) of the closed and open ring that
we found to be suitable for our study. Both structures have their lowest order resonance at about 1.2 THz.
For the open ring, the transmission dip has a narrow line width. Under normal incidence, this transmission
dip is present only when the electric field vector of the radiation is parallel to the gap. Examination of
the simulated surface current shows the circular current that is characteristic of an LC resonance. For the
closed other ring, a resonance occurs at almost the same frequency, and the resulting transmission dip has a
much wider line width. Examination of the simulated currents show that at resonance, the current oscillates
symmetrically in the two side arms of the closed ring parallel to the electric field, resulting in a significant
electric dipole moment with charge accumulation of opposing signs at the sides of the closed ring.
The resonances we observe in Fig. 5.14 are the lowest order eigenmodes of the respective structures. For the
inner split ring the observed eigenmode at 1.25 THz is the so called LC resonance [20], also interpreted as the
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Figure 5.14: Simulated transmission spectra of the inner split ring (top panel) and the closed outer ring (lower
panel). Both structures have their lowest order resonance at about 1.2 THz, but with different line widths.
Inserts in the two spectra show the orientation of the electric and magnetic vectors of the electromagnetic
radiation relative to the structures in the simulations.
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fundamental, odd eigenmode [92]. It is therefore regarded as a dark mode that couples only weakly to the
radiation field. The odd eigenmode of the inner split ring cannot be excited under perpendicular polarization
due to symmetry constraints [21, 22]. The closed outer ring does not support the odd eigenmodes due to
its symmetry. Its lowest order eigenmode is thus even and can be regarded as an electric dipole resonance
similar to that of cut wires [23]. This resonance thus couples strongly to the radiation field and is considered
the bright mode.
The different linewidths of the LC and the dipole resonances can be quantified using a parameter called the
“Q factor” of the resonances. The Q factor in this context is defined as the ratio of resonance frequency
to the bandwidth at 3dB of the resonance dip. In this case, the Q factor can be determined by reading
the bandwidth values off the simulated transmission spectra plotted on a dB scale. For the split ring, the
transmission dip has a Q factor of 11.3 while the transmission dip of the closed outer ring has a Q factor of
1.25. The Q factors thus differ by nearly an order of magnitude.
The next step would be to simulate the spectra of the combined structure consisting of both the closed
and open ring. Figure 5.15 shows the simulated spectra of the combined structure under two orthogonal
polarizations of the electric field vector. As can be seen, a broad dip is present under both polarizations.
However, a prominent transmission window is present when the electric field vector is parallel to the gap-
bearing side of the inner ring (parallel polarization). This clearly indicates that the “W” shaped EIT-like
spectrum can result from our proposed structure. When the electric field is perpendicular to the gap-bearing
side of the inner ring (perpendicular polarization), the spectrum shows only a broad dip without a central
transparency window. This shows that the LC resonance of the inner split ring also needs to be excited
in order for the EIT-like effect to be seen - in other words, both the resonances need to be simultaneously
excited. It is evident that the interference of the two resonances, which both lead individually to transmission
dips, results in a transparency window. This EIT-like effect is observed only under parallel polarization,
when both resonances can be excited.
Dispersive properties
Another important piece of information that can be recovered from the simulations is the so called “phase
advance” (φ) in the metamaterial layer as a function of frequency. This can be defined as the additional
phase change of the electromagnetic radiation on passing through the material compared to passing through
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Figure 5.15: Simulated transmission spectra of the combined structure with an inner split ring and a closed
outer ring, for parallel polarization (blue solid line) as well as perpendicular polarization (red dashed line).
The frequency range of the transparency window is highlighted in grey. Insert shows the orientation of the
E field for parallel and perpendicular polarization






Where t is the thickness of the material, c the speed of light, ν the frequency and n is the real part of the
refractive index of the material. The phase advance is a useful parameter to plot as it gives an indication of
how the real part of the refractive index changes as a function of frequency and thus reveals the dispersion
profile around the resonance.
In this case, there is a straight forward way and reliable way to obtain the effective phase advance resulting
from the metamaterial. The phase advance can derived form the complex S-parameter data provided by the
simulations (See Section 2.2.3). The complex S parameter gives the ratio of the magnitudes of the electric
field vector at the input and output ports defined in the simulation and the argument, or angle, of the S-
parameter (effectively the phase difference of the electric field vector between the two ports). The reference
used in this case is a simulation that is identical except for the removal of the metamaterial layer. The S
parameter argument of this reference simulation is subtracted from the S-parameter argument obtained from
the simulation where the metamaterial is included. This is very much like the method used to normalize the
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S parameter amplitudes which we explained in Section 2.2.3. In this way, the additional phase change that
results from the metamaterial is determined. The phase advance determined in this way is plotted in fig.
5.16 below for both the parallel and perpendicular polarizations.
Figure 5.16: Simulated phase advance of the combined structure under parallel and perpendicular polariza-
tion. The region highlighted in grey coincides with the region of the transparency window highlighted in fig
5.15. It contains a region of steep normal dispersion under parallel polarization.
From the simulated phase data, we see that for perpendicular polarization, there is a region of anomalous
dispersion (where the phase advance has a negative gradient) as is typically associated with a resonance.
For parallel polarization a region of strong normal dispersion which coincides with the transparency window
appears. The phase data thus shows that a region of strong normal dispersion is associated with the
transparency window, as should be the case for EIT. A region of very strong normal dispersion will lead to
a very large group index for a light pulse with a frequency that is within the transparency window. Thus,
the phase data is as one would expect of an EIT-like phenomena and suggests that there will be significant
slowing of light at the transparency window.
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Summary
In summary, the numerical studies have clearly shown that our proposed metamaterial structure reproduces
the critical features of EIT in atomic media. The transmission spectrum features a narrow transparency
window within a broad absorption peak. The phase data shows a very steep normal dispersion within the
transparency window, which indicates a large group index which should significantly slow a light pulse. We
have also determined the design parameters which would lead to a transparency window at about 1.2 THz.
5.4 Experimental verification
5.4.1 Fabrication
It was also critical to verify our findings experimentally. For this, a sample was fabricated using the same
processes and techniques as the samples described in the previous chapter. Figure 5.17 shows optical and
scanning electron micrographs of the fabricated sample. The spacing between adjacent structures was 50
µm and the overall array measured 5mm × 5mm, with 10000 individual structures. As can be seen, sample
quality was high, with well defined structures and vertical sidewalls. The dimensions of the structures were
close to the design dimensions.
Figure 5.17: Optical (a) and scanning electron (b) micrographs of the sample fabricated by proton beam
writing. The insert in (b) shows details of the region marked in the main panel (scale bar 1 µm). The width
of the SRR arms is about 800 nm, and the height is over 4 µm.
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5.4.2 Characterization
Characterization of the samples was carried out at Oklahoma State University using the Terahertz Time
Domain system described in Section 2.1.3. Sample characterization was carried out by the use of a photo-
conductive switch-based THz-TDS system, in which four parabolic mirrors are arranged in an 8−f confocal
geometry [50]. The spectra were measured using the blank Si wafer as a reference. Figure 5.18 shows the ex-
perimentally measured THz spectra, as well as the phase advance of the sample. The spectra were collected
with the beam normal to the sample plane and two different polarizations are shown.
It is evident from Fig. 5.18 that the experimental transmission spectra agree very well with the ones obtained
from simulation. The experimental transmission spectrum (top panel) shows a broad dip centered at about
1.2 THz under perpendicular polarization. Under parallel polarization, a small transparency window at
1.2 THz opens where the maximum amplitude transmission exceeds 0.3. In addition, the experimentally
obtained phase data also agrees well with our simulated results. For perpendicular polarization, the phase
data (bottom panel) shows a region of anomalous dispersion as typically associated with a resonance. For
parallel polarization a region of strong normal dispersion appears within the transparency window.
From the phase data it can be recognized that strong dispersion, leading to a large group index, occurs
in the transparency window. This indicates that a light pulse with a center frequency situated in the
transparency window will be considerably slowed down upon traversing the metamaterial. This behavior
is also characteristic of the EIT phenomenon in atomic media. When EIT occurs in a three level system,
anomalous dispersion normally observed for a two level system, is modified to a very steep normal dispersion
at the transparency window, resulting in a drastic reduction of the speed of light [89].
An examination of the time domain data from the experiment shows a slowly decaying current oscillation
with a carrier frequency of about 1.2 THz [Fig. 5.18(d)] matching exactly the central frequency of the
transparency window. This feature is present only under parallel polarization. The temporal shift of the
pulse is a signature of the group velocity reduction at 1.2 THz under parallel polarization.
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Figure 5.18: Measured amplitude transmission (a) and phase advance (b) for the fabricated sample as a
function of frequency and for two polarization states of the illumination. Insert shows the orientation of the
E field for parallel (blue, solid) and perpendicular (red, dashed) polarization.
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Figure 5.19: Measured amplitude transmission (a) and phase advance (b) for the fabricated sample as a
function of frequency and for two polarization states of the illumination. Inserts show the orientation of the
E field for parallel (blue, solid) and perpendicular (red,dashed) polarization. The measured data in time
domain are shown in (c) where the slowly decaying oscillations at 1.25 THz under parallel polarization in
the marked area are zoomed in (d).
Summary
In summary, we have successfully fabricated and characterized a metamaterial sample according to our
proposed design. The experiment reveals that the spectral and dispersive properties of our design as predicted
by our simulations. The temporal data from the THz-TDS measurement direct confirms the slowing down
of the light pulse at about 1.2 THz.
The experimental results thus verify all aspects of our theoretical predictions in the previous section, in both
time and frequency domain. In this case, the THz TDS proved to be an extremely valuable analysts tool as
it provides time domain data which directly shows the group velocity velocity reduction at the transparency
window.
5.5 Discussion
We have experimentally verified our simulated results and shown that our proposed structure unambiguously
demonstrates EIT-like transmission spectrum. The agreement between the experimental and the simulated
results is excellent, a fact which confirms the validity of our simulated data.
The EIT-like transparency window is present only when the LC resonance of the inner ring is excited under
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parallel polarization. We propose that the EIT-like effect arises from the coupling of two resonances. It is
useful to examine the phenomenon more closely by looking at the fields and currents at resonance which are
available from the simulations. This will allow us to directly visualize the effects of the interference between
the two resonators.
5.5.1 Fields and current patterns
Figure 5.20 shows plots of the x component of the simulated electric field for our structure (top row) as well
as for the closed outer ring only (bottom row) at frequencies close to the transparency window at 1.25 THz.
Plots are shown for three frequencies: at the dip just before the EIT transparency window (1.10 THz), at the
center of the transparency window (1.25 THz) and at the dip just after the transparency window (1.33 THz).
The comparison between the top and bottom row helps us to understand how the resonances affect each
other. From the top row, we see in that the combined structure, the LC resonance is most strongly excited
at 1.25 THz. At this frequency, the dipole like resonance of the closed outer ring is strongly suppressed, and
the LC resonance of the inner ring dominates. At the bottom row, we see that without the inner split ring,
the dipole resonance of the lone outer ring is strongly excited at all three frequencies. We are thus able to
directly visualize the effect of the coupling of the two resonances - the resonance of the closed outer ring is
strongly suppressed at the centre of its resonance band.
It might seem sufficient to conclude that the suppression of the resonance in the outer ring is the reason
for the appearance of a transparency window in the middle of a broad absorption dip. The outer ring can
be seen as the “bright” or radiative component. The suppression of the dipole resonance of the outer ring
should strongly reduce the dipole moment of the structure and suppress the interaction of the structure with
electromagnetic radiation. A transparency window as the radiation can thus pass through the structure
without interference.
However, a more detailed explanation that takes the inner split ring into account is needed. Curiously, we
see that in the combined structure, the resonance of the inner ring is still strongly excited at 1.25 THz,
which is in the middle of transparency window. At this frequency, the maximum amplitude of the simulated
electric field (at 9.06 × 10−6 V/m) is stronger than at either of the two other two frequencies, when the
transmission reaches a minimum. Thus, although the resonance of the outer split ring is strongly suppressed
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Figure 5.20: Top panel : Simulated transmission spectrum of the combined structure with both a closed
and split ring (dashed red line), and the closed ring only (solid blue line). The top row of plots shows the
simulated electric field at three frequencies for the combined structured, and the bottom row of plots shows
the fields for the isolated closed ring.
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at the transparency window, the split ring is strongly excited. When the fields strengths in the combined
structure are compared to that for an isolated split ring (not shown here), we see that the electric field
amplitude is stronger in the combined structure then in the isolated split ring. Therefore, the presence of
the outer ring actually seems to strengthen the resonance of the inner ring. In the case of an isolated split
ring, strong excitation of the LC resonance would normally be associated with a transmission dip. To have a
full understanding of our structure, we need to explain how a transparency window can exist in the presence
of a strong LC resonance.
An examination of the phase of the currents gives an indication of a possible solution to the apparent
contradiction. In the top row of the field plots in figure 5.20, arrows have been drawn to indicate the
direction of the surface currents in both the split and the closed ring. We see that the relative phases of the
current in the two rings change as we move across the transparency window. At 1.10 THz and 1.25 THz,
the currents in the inner and outer rings are in phase. At 1.33 THz, the currents are in anti-phase, and the
amplitude of the current in the outer ring has started to increase. This gives us an indication that the phase
of the current is important for our analysis.
5.5.2 Analogy to RLC circuits
Since the phase of the current could be an important factor, we first examine the analogy between our
metamaterial structure and RLC circuits.
In an RLC circuit, the phase of the current relative to the external driving voltage determines the portion of
the total power that is radiated as heat. This is the resistive component of the impedance. The power factor
is given as cosφ, where φ is the phase angle between current and the driving voltage. When the current and
driving voltage are in phase, the power radiated in the resistor reaches a maximum. As the driving frequency
is increased from values below the resonance frequency of an RLC circuit to values above resonance, the
phase angle makes an 180◦ phase shift. At frequencies below the resonance, the capacitance dominates the
total impedance and the current leads the voltage. At higher frequencies, the inductive element dominates
and the current lags the voltage. At resonance, the impedance is purely resistive and the current is in phase
with the driving voltage. At this point, maximum power is transferred to the resistor and is radiated as
heat. RLC circuits are also characterized by the resonance frequencies (ω = 1√
LC





C ). The quality factor in this case is a measure of the energy stored divided by the energy that
is dissipated per oscillation cycle. A RLC circuit with a high Q has low damping and will thus have a long
lifetime.
A SRR in a electromagnetic field can be effectively modeled as an RLC circuit. Therefore, when an SRR is
at resonance, the current and the external driving electric field should be in phase. This is when the energy
absorbed by the SRR reaches a peak and a dip is therefore observed in the transmission spectrum.
In our combined closed closed and split ring structure, a transparency window, instead of a transmission dip,
is observed when the split ring is at peak resonance amplitude. Thuy et al examined a similar structure in
detail [93]. In this work, a structure consisting of an SRR and a cut wire was shown to exhibit an EIT-like
effect. The resonance of the cut wire and SRR were chosen to be at the same frequency of about 120 THz.
The cut wire spectrum exhibits a board transmission dip, while the SRR has a transmission dip with a
much higher quality factor. EIT like behavior was observed in the combined cut wire-SRR structure, with
a distinct transparency window (see fig 5.21).
Figure 5.21: Left panel : schematic of the cut wire(CW)-SRR structure studied by Thuy et al . Right panels
: Transmission spectra of (a) CW only and (b) SRR only, (c) Transmission spectrum and (d) retrieved group
index of the CWSRR. Reproduced from [93]
In this case, the cut wire serves the same purpose as the closed outer ring in our combined structure. The
overlapping of two resonances of different quality factors lead to a transparency window within which the
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group index attains large values.
Thuy et al observed a similar trend in the simulated fields and current snapshots of the cut wire-SRR
structure (See fig 5.22) as our results in fig. 5.20. They observed that the resonance of the cut wire is
suppressed at the frequency of the transparency window. However, the LC resonance on the SRR is more
intense at this frequency. The same trend is also observed in the relative phase of the currents in the cut
wire and the SRR - the currents flow out of phase by 180◦ at the first dip (101THz) but in phase at the
second dip (129 THz).
Figure 5.22: Snapshots of current density (first row) and electric field strength Ey (second row) monitored at
the first transmission dip (I - 101 THz), the transmission window (II - 112 THz) and the second transmission
dip (III - 129 THz), respectively. The maximum values of current density (Imax) and electric field (Ey−max)
in each case are compared with that of the transmission window (I0 and E0, respectively). Reproduced
from [93]
Thuy et al modeled the combined structure as a coupled RLC circuit in which both loops are driven by
an external oscillating voltage (see fig. 5.23). Both the cut wire as well as the SRR were modeled as RLC
circuits (Circuit 1 and Circuit 2 respectively). Values for the lumped capacitance of both loops (C1 and
C2) are estimated from first principles. For the cut wire, the capacitance was calculated by considering the
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capacitance between the wire and its nearest neighbor. For the SRR, the capacitance was determined by
considering the capacitance of the SRR gap. In both cases, corrections were made for the non-ideal behavior
of the capacitor. The values of inductance for both circuits (L1 and L2) were fitted to match the resonance
frequency of 121 THz (ω = 1√
LC
). The resistances (R1 and R2) were then determined by fitting them the
quality factors (Q = 1R
√
L
C ) that were determined from the simulations of the cut wire and SRR.
Cut Wire SRR
Quality factor Q1 = 1.5 Q2 = 13.4
Capacitance C1 = 40aF C2 = 16aF
Inductance L1 = 2.1pH L2 = 5.2pH
Resistance R1 = 150Ω R2 = 30Ω
Figure 5.23: Model circuit used by Thuy et al to model the CW-SRR structure. Table on the right gives the
values for the quality factor (Q1 and Q2), capacitance (C1 and C2), inductance (L1 and L2) and resistance
(R1 and R2) of the lumped elements in each circuit. Figure reproduced from [93]
As can be seen from the table in fig. 5.23, the capacitance for the cut wire was determined to be higher, and
since it had the same resonance frequency as the SRR, it means that the cut wire’s inductance is lower than
the SRR. This is consistent with the fact that the cut wire has a lower quality factor as a high capacitance
and low inductance results in a low quality factor for RLC circuits (Q = 1R
√
L
C ). For the model circuit,
Thuy et al determined the magnitude as well as the phase of the charge as a function of driving frequency
around the resonance (see fig. 5.24). The results provide some insight into the origin of the transparency
window at the resonance frequency.
From fig. 5.24 we see that plots of charge, phase and power for the isolated RLC circuits (left panels)
and for the couple circuit (right panels). For the isolated circuits, both circuits behave in a similar way.
The charge on capacitors peak at the resonance frequency (about 110 THz). The driving voltage leads the
current by 90◦ at resonance. This means that the current and the driving voltage are in phase at resonance
as the current leads the charge by 90◦. Thus, for both circuits, the power radiated peaks at resonance. The
difference between the two circuits is of course in the Q factors. Circuit 1, which represents the cut wire, has
a board power peak with higher maximum power radiated. The power peak for circuit 2, which represents
the SRRs, is narrower and lower. This is analogous to the transmission spectra of cut wires vs SRRs. Cut
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Figure 5.24: Results of equivalent-circuit analysis by Thuy et al . (a), (d) Amplitudes, (b), (e) phases of
charges on two capacitors, and (c), (f) power dissipation on each loop of the uncoupled circuits (left column)
and coupled circuit (right column) with the values of lumped elements as stated in fig 5.23. Reproduced
from [93]
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wires would show a boarder and deep absorption dip, while the dip for SRRs is much narrower.
For the coupled circuit (right panels in fig 5.24), we are able to draw a strong analogy to the relative strength
of the resonances in the EIT-like structures by examining the plots of charge against frequency. We see that
the charge amplitude (q01) on circuit 1 reaches a minimum close to 110 THz. The charge amplitude on
circuit 2 (q02) reaches a maximum close to 110 THz. Thus, we see that the resonance is circuit 1, which
represents the cut wire/closed ring, is suppressed, while the resonance in circuit 2, which represents the SRR,
is strongly excited when the circuits are coupled. This is analogous to the fact that the dipole resonance
in the cut wire/closed ring is suppressed, while the LC resonance of the SRR is strongly excited at the
transparency window.
From the phase data of the coupled circuits, we see an analogy that can explain why a transparency window
can occur in the EIT-like metamaterials despite the strong excitation of the LC resonance in the SRR. For
the coupled RLC circuits, we see that the phase of the charges relative to the driving voltage (φ1 and φ2) is
shifted by the coupling. The charge on the capacitor in circuit 2 (q02) is in phase with the driving voltage
at resonance when it is coupled to circuit 1, instead of being in phase with the voltage as is the case when
the RLC circuits are uncoupled. Thus, the current in circuit 2, which leads the charge, leads the driving
voltage by 90◦. Therefore, the power radiated in circuit 2 reaches a minimum at this point, even though
the resonance is strongly excited and the current amplitude in circuit 2 is at a maximum. We see that the
plot of the total power radiated in the coupled circuit (P , blue solid line in fig. 5.24f) shows a narrow dip
within a boarder peak. This is analogous the transmission spectrum of the EIT-like metamaterials. Using
this analogy, we thus conclude for the EIT-like metamaterials, the currents in the SRR are phased relative
to the external electromagnetic radiation fields such as to result in very little power being absorbed. Thus,
a transparency window occurs within a broader absorption dip.
We see that the coupled RLC circuit model in which both circuits are driven, but have different Q factors,
can explain the EIT-like behavior of the cut wire-SRR structure very well. It reproduces that power spectrum
and furthermore, correctly models the suppression of the lower Q resonance, as well as the excitation of the
higher Q resonance at the transparency window. It explains why little power is absorbed despite the strong
excitation of the high Q resonance. The results would be easily applicable to our closed ring - SRR structure,
as the physical process would be identical.
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5.5.3 Analogy to quantum mechanics
A major motivation for this work was to further study the analogy between metamaterials and the quantum
EIT phenomena. Recall that we had set out to establish if EIT-like behavior can result from coupling
two resonances, both of which are independently excitable by the external electromagnetic radiation. Our
experimental as well as our simulated results have conclusively shown that this is possible. The dark mode
does not have to be entirely “dark”, but “quasi-dark” in the sense that it couples weakly to the external
field.
For the purpose of developing analogies between quantum mechanical and optical systems, the advantage
of our present design is that the two eigenmodes can be independently excited and their Q factors are
determined entirely by design of the rings. Our assignment of the bright and dark modes is purely based on
their individually determined Q-factors. This contrasts with some previous schemes, where the dark mode
was not directly excitable [52,79,80,82].
In metamaterials, where only the bright eigenmode is directly excitable, it is difficult to draw a direct analogy
to the quantum phenomenon of EIT. Alzar et al presented a classical analog to EIT consisting of two coupled
harmonic oscillators/RLC circuits where only one oscillator/circuit is harmonically driven [90]. The driving
force attains the role of the probe beam and the coupling of the oscillators mimics the effect of the pump
beam in EIT. Similarly, for metamaterials, where only the bright mode is “driven” by the radiation field,
coupling between the bright and dark modes represents the effect of the pump beam. However, such a model
does not permit a precise and consistent mapping of terms between the quantum and optical phenomenon
because it of the inconsistent mapping of the probe and pump beam. The probe beam is mapped to an
driving force, but the pump beam is mapped to the coupling between the oscillators/circuit.
For EIT in a three-level atomic system, the pump beam is tuned to the transition between a metastable level
(|1〉) and an excited level (|2〉), while the probe beam is tuned to the transition between the ground state (|1〉)
and the excited state (|2〉) (See fig. 5.25). Destructive quantum interference between different pathways then
leads to a transparency window. A robust, metastable level, to which the dark eigenmode in metamaterials
is naturally analogous, is necessary for EIT to occur in an atomic medium. In our current model, the dark
eigenmode of the inner ring may be mapped to the |3〉-|2〉 transition and the bright eigenmode to the |1〉-|2〉
transition. The classical interference of the electromagnetic fields is mapped to the quantum interference in
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EIT. As the frequencies of the bright and dark eigenmodes are equivalent, the metastable and ground level
can be regarded to be degenerated and probe and pump beam have identical frequencies. Changing the
polarization of the external beam in our optical system determines if the dark eigenmode is activated or not.
It thus is analogous to turning the pump beam on or off in EIT. In this way, the probe and pump beams
in EIT are consistently mapped to the light pulse used in our optical system. The transitions between the
quantum states in EIT are consistently mapped to the two eigenmodes in our optical system.
Figure 5.25: Illustration of the analogy between the quantum phenomena of EIT and the our metamate-
rial system. The probe and pump beams in the quantum system are mapped to the light pulse used to
characterize our metamaterial. The transitions in the quantum system are mapped to the resonances in
the metamaterial, with the LC resonance of the split ring (the dark eigemmode) mapped to the transition
between the metastable and the excited quantum states.
In this way, we achieve a more consistent and intuitive analogy to the quantum phenomena.
5.5.4 Retrieved optical parameters
As a final step in our analysis, we retrieve the real and imaginary parts of the effective refractive index of
our metamaterial unit cell. This can be done using the complex S-parameter data which is available from
our simulations [94–96]. We start with the equation [95] :
einkod = X ± i
√
1−X2 (5.12)
where ko denotes the wave number of the incident wave in free space and X = 1/2S21(1−S211 +S221). In this
case, the metamaterial is a passive medium of thickness d, and we impose the condition that the imaginary
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Here, a single prime (’) refers to the real part of a complex quantity and a double prime (”) refers to the
imaginary part. m is an integer related to to the branch index of n′. With this equation, n′′ is uniquely
determined, but n′ is complicated by the branches of the logarithm function. Once n is determined, the







Figure 5.26 shows the group index and the imaginary part of the refractive index retrieved from the nu-
merical simulations. At the centre of the transparency window at 1.2 THz the group index attains a peak
value exceeding 75, while the imaginary part of the refractive index is as small as 5. This further verifies
our experimental observation from the time domain data [Fig. 5.18(d)]. For practical applications this
coincidence is of major importance and underlines the potential of this simple planar metamaterial for slow
light applications.
5.6 Conclusion
In summary, we have studied a metamaterial where two independently excitable resonances with strongly
deviating Q factors interfere. The main result of this work is that we have experimentally verified that EIT-
like behavior can be achieved in this way, instead of coupling a bright mode to an otherwise truly inaccessible
dark mode. In doing so we are able to draw an intuitive and consistent analogy between our optical system
ithe quantum phenomenon of EIT. It must be stressed, however, that there is no real classical equivalent to
the quantum interference that produces EIT in an atomic medium; and that this work merely attempts to
introduce another example in which the quantum phenomena can be mimicked.
The controlled reduction of the speed of light attracts much interest due to its potential for practical ap-
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Figure 5.26: Group index (blue solid curve, left axis) and imaginary part of the refractive index (red dashed
curve, right axis) as retrieved from simulated data.
plications, such as regenerators for optical communication and light storage. However, the quantum EIT
phenomenon is sensitive to broadening by atomic motion. Therefore, the setups must typically be cooled to
liquid helium temperatures, making its application to practical systems difficult. The mimicking of EIT in
metamaterials is thus an attractive means to develop the building blocks of systems for slow light applica-
tions.
In summary, we can explain the EIT-like effect in a combined high Q - low Q structure as follows :
• The interference of the two oscillations results in the suppression of the lower Q factor resonance, which
we assign as the bright, radiative mode. Thus, the radiative losses that are normally associated a low
Q resonance are avoided.
• At the transparency window, the higher Q resonance is strongly excited. However, at this point, the
interference causes the current to be 90◦out of phase with the driving voltage, and losses are avoided
despite the large currents.
These effects result in a transparency window within a broad absorption peak.
Chapter6
Conclusion
In this chapter, we will review the most significant results of this work and their implications.
6.1 Summary of outcomes
Recall that our main objectives at the start of this work was to:
• Fabricate high aspect ratio metamaterials with significant height normal to the sample plane, study
their properties and their potential for applications.
• Focus on applications for metamaterials in the technologically relevant Terahertz regime.
We had chosen these objectives because there has been limited research on the fabrication and characteriza-
tion of high aspect ratio metamaterials. Most metamaterials studied by researchers are flat, two-dimensional
arrays with only limited height perpendicular to the sample plane. Furthermore, the Terahertz regime is an
area where metamaterials can have many potential applications, such as in the control and manipulation of
radiation. In the work, we have fulfilled the following:




• We studied the properties of these high aspect ratio metamaterials and found that they can offered
increased sensitivity for the detection of dielectric films. We also conducted a systematic study of
aspect ratio and substrate effects
• We also demonstrated a metamaterial with EIT-iike, light slowing properties in the THz regime.
6.1.1 Fabrication of metamaterials
In this work, we have successfully demonstrated our ability to fabricate high quality, high aspect ratio
metamaterial structures using the PBW lithography process followed by gold electroforming. With care, the
structures were robust enough to survive all process steps. The gold plating method selected was able to
create void free, high aspect ratio structures. The PBW system had the stability needed to write thousands
of microstructures with resolution below half a micron. With experience, the success rate of the fabrication
process was high. This allows as to reliably fabricate metamaterials for applications in the THz and higher
frequency regimes.
6.1.2 Sensing applications for metamaterials
In the field of sensing with metamaterials, we studied the effects of SRR height and dielectric environment
in detail. We found that the relationship between SRR height and the frequency of the LC resonance is
dependent on the dielectric environment of the SRR. SRRs located at the interface of two dielectrics have a
different behavior from SRRs surrounded by a single medium. We have applied the results of this study and
experimentally verified that, compared to conventional SRRs, high aspect ratio SRRs have greater frequency
shifts upon the application of a dielectric analyte layer, thereby offering increased sensitivity. We have also
demonstrated that locating SRRs on thin substrates is an alternative way to enhance sensitivity.
The results of our work in sensing metamaterials was published in two papers in the journal of Applied
Physics Letters [97,98].
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6.1.3 Analogue of Electromagnetically Induced Transparency
In summary, we have studied a metamaterial where two independently excitable resonances with strongly
deviating Q factors interfere. The main result of this work is that we have experimentally verified that EIT-
like behavior can be achieved in this way, instead of coupling a bright mode to an otherwise truly inaccessible
dark mode. In doing so we are able to draw an intuitive and consistent analogy between our optical system
the quantum phenomenon of EIT. It must be stressed, however, that there is no real classical equivalent to
the quantum interference that produces EIT in an atomic medium; and that this work merely attempts to
introduce another example in which the quantum phenomena can be mimicked.
The controlled reduction of the speed of light attracts much interest due to its potential for practical ap-
plications, such as regenerators for optical communication and light storage. However, the quantum EIT
phenomenon is sensitive to broadening by atomic motion. Therefore, the setups must typically be cooled to
liquid helium temperatures, making its application to practical systems difficult. The mimicking of EIT in
metamaterials is thus an attractive means to develop the building blocks of systems for slow light applica-
tions.
The results form this work were published in a paper in the journal Physical Review B [99].
6.2 Directions for future work
6.2.1 Fabrication of high aspect ratio metamaterials
We have demonstrated successfully that PBW can be used to fabricate high aspect ratio metamaterials.
While PBW is a powerful tool for rapid prototyping, it is a serial technique that is not well suited for
mass production. If the applications for such high aspect ratio matermaterials are to be developed, the
metamaterials will most likely need to be produced using an alternate technique.
In this aspect, one interesting possibility is the use of PBW to manufacture masks suitable of use with
X-ray lithography [100]. PBW is a maskless, direct write technique suitable for rapid prototyping of high
aspect ratio structures. X-ray lithography, on the other hand is capable of mass production but requires high
contrast masks consisting of high aspect ratio Au structures on thin substrates such as Silicon Nitrite (SiN).
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The higher penetration power of X-rays allow thick resist layers to be patterned if a mask of sufficient contrast
is available. The PBW technique thus compliment each other very well. The ability of the PBW writing
technique to fabricate high contrast X-ray masks consisting of thick gold structures on a thin SiN membrane
has been demonstrated [100]. Thus, a worthwhile future direction would be to explore the possibility of
using X-ray lithography using a PBW mask to fabricate metamaterials on a larger scale. Another possibility
would be the use of PBW to make a mold or stamp for nano-imprint lithography [101].
6.2.2 Metamaterials for higher frequencies
Another important future direction would be to further study the kind of high aspect ratio metamaterials
as shown in fig. 6.1(a) (also shown in fig. 3.11). As these high aspect ratio SRRs have heights in excess
of their diameters, we call them Split Cylinder Resonators (SCR). Initial studies using Fourier Transform
Infra-Red spectroscopy have shown that the structures shown there support a resonance at about 26 THz
under normal incidence (i.e. with the wave vector along the cylinder axis). This is manifested in the form of
a reflection dip when the electric field of the polarized beam is parallel to the gap bearing side (fig. 6.1(b)).
Simulations have shown that this is due to a unique three-dimensional resonance that comes about because




















Figure 6.1: (a) Electronmicrograph of very high aspect ratio SRRs with sub-micron minimum feature size.
(b) Measure reflection spectra (normal incidence) with a polarized light source shows a dip when the electric
field vector is parallel to the gap bearing side (black curve). This dip gradually weakens and is absent when
the electric field vector is perpendicular to the gap side (blue curve). (c) Simulated surface currents at the
resonance.
As can be seen in fig. 6.1 (c), there is a complex three dimensional current resonance that includes strong
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currents in the direction of the cylinder axis at the gap edges. The current at the two edges are anti-parallel.
This leads to an intense magnetic fields in between the gaps. As the direction of the magnetic fields would be
parallel to the external electromagnetic radiation, it means that these structures have a magnetic response.
This resonance is complex and could suggest a new approach for three-dimensional metamaterials. It would
be a fascinating topic for further work.
6.2.3 EIT-like metamaterials
In this work, we demonstrated an EIT-like effect using a design consisting of a split ring within a closed
outer ring. A deserving topic for further study for this structure would be to vary the parameters of this
structure - such as by breaking the vertical symmetry, or otherwise varying the position of the inner ring
with respect to the outer ring. Some preliminary studies have been made and the results are discussed in
the appendix.
It would also be meaningful to explore an active version of the structure, one whereby the EIT-iike effect can
be turned on and off by dynamically varying the conductivity of the gap substrate using a scheme similar
to that of Chen et al [11]. This would be a necessary first step in developing a practical device for selective
slowing of light. Another worthwhile topic for future study would be to investigate ways to replace the
inner split ring with a resonator with a higher quality factor. This would increase the difference between the
quality factors of the resonators. It should lead to a narrower transparency window and thereby result in a
steeper dispersion and further slowing of the light pulse.
6.2.4 Metamaterials for sensing applications
One area that deserves to be explored is the fabrication and experimental study of metamaterials on thin
substrates. The possibility of fabricating metallic structures on thin SiN films has been demonstrated
before [100]. In particular, this would allow us to experimentally verify the possibility of applying analyte




In a review paper in 2010, Zheludev presented the “Metamaterial Tree of Knowledge” (see fig. 6.2) whereby
he identified mature fields in metamaterial (ripe, red apples), fields where research was currently flourishing
(yellow apples) and emerging fields (green apples) [102].
Figure 6.2: The metamaterial tree of knowledge, as published in [102]
This review was published at about the time at which experimental work for this thesis was coming to a
close. From the “Tree of Knowledge” we see that the work in this thesis has been in the area of “Designer
Dispersion” (a yellow apple) and “Sensor Metamaterials” (a green apple). The work in this thesis has thus
been in the growing research areas of metamaterials, and relevant to other researchers. Looking back on the
work carried out in this thesis, it is satisfying to know that we have chosen to focus on flourishing areas with
potential for future work.
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AppendixA
Further Studies - EIT like metamaterial
This appendix details some areas for further study for the metamaterial we discussed in chapter 5. In
that chapter, we studied and discussed a metamaterial with EIT-like spectral and dispersive properties.
The structure as we studied it was symmetrical about the vertical axis and had the inner split ring placed
centrally within the outer closed ring. It would be interesting and insightful to vary this design and see how
that changes the properties of the metamaterial.
A.1 Varying coupling strength
We expect that the distance between the bright and the dark resonators of an EIT-like metamaterial would
be an important parameter that can significantly affect the peak transmission and other properties of the
EIT-like metamaterial. This was studied in the case of the single bar and pair bar structures [79,83] as well
as the paired SRRs [52,82]. In all cases, it was found that decreasing the separation between the resonantors
increased the coupling strength and increased the peak transmission of the transparency window.
In our structure, the dark resonator is located within the bright one, and it is less clear what would constitute
the separation between the resonators. Figure A.1 below shows the simulated S21 spectrum when the inner
split ring is displaced the upwards and downwards by 5 µm. We see that when the inner ring is displaced
upwards such that the gap side is brought closer to the side of the closed ring, the transparency window is
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strengthened - the peak amplitude in the transparency window is significantly increased. When the inner
split ring is displaced downwards, the transparency window can be sufficiently weakened so as to disappear
completely. We also note that moving the inner split ring has the effect of shifting the frequency of the
transparency window downward to a slightly lower frequency - a upwards displacement of the inner ring by
5 µm results in a shift in the peak of the transparency window from about 1.20 THz to 1.12 THz.
Figure A.1: Simulated S21 spectra of the EIT-like metamaterial with inner split ring displace upwards (red
line), centered within the larger closed ring (black line) and displaced downwards (red line). All spectra are
for parallel polarization (electric field vector parallel to gap bearing side). Under perpendicular polarization
(electric field vector perpendicular to gap bearing side) one observes only a broad transmission dip, very
similar to the red line, for all three structures.
Evidently, the interaction of between the two resonances in increased by having the gap side of the inner
ring as close to one of the edges of the outer ring as possible. Thus, the critical parameter here is distance
between the gap bearing side of the inner split ring and the closed outer ring.
This is an effect that deserves further study. It indicates that the design we have studied in chapter 5 can
be further optimized to yield a higher transparency. The result in fig A.1 should also be further modeled
and explained using a RLC circuit model. Such a model should be able to explain details like the frequency
shift we noted in fig. A.1. This would lead to a better understand of the phenomena and even lead to a
more refined RLC model of the structure.
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A.2 Effects of symmetry breaking
One unique feature of our design is that symmetry breaking is not required for the dark mode to be excited,
as the dark mode is directly accessible under parallel polarization. Up to this point, we have not considered
the effects of breaking symmetry along the vertical axis for our structure. In the previous section, while we
have displaced the inner ring along the vertical, the structure had retained its symmetry along the vertical
axis. When the vertical symmetry is retained, the LC resonance of the split inner ring remains inaccessible
under perpendicular polarization (electric field vector perpendicular to gap bearing side). A transparency
window remains absent under perpendicular polarization and one observes a broad absorption dip regardless
of the vertical position of the inner ring.
It is useful to study the effects of symmetry breaking in our design, by shifting the inner split ring horizontally
to one side. The simulated results of such a structure are shown in figure A.2 below for both the parallel
and the perpendicular polarization.
Figure A.2: Simulated S21spectra of the closed and split ring structure with inner ring displaced horizontally.
Spectra are shown for parallel (solid blue curve and perpendicular polarization. insert shows the orientation
of the electric field vector relative to the structure
We see that symmetry breaking makes the dark mode indirectly excitable under perpendicular polarization.
A transparency window is observed for both polarizations, and the simulated electric field patterns indicate
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that the LC resonance of the inner ring is excited under perpendicular polarization (see fig. A.3(a) and (b)).
The result is thus very much like that for the other structures where an inaccessible dark resonator is excited
by virtue of its coupling to a nearby bright resonator. The difference is that while symmetry breaking is
essential in the other structures, it is optional in our structure. It is also apparent that dipole resonance
of the outer ring is suppressed under perpendicular polarization in the centre of the transparency window
(compare fig. A.3(c) and (d)).
Another important effect is the dipole resonance of the outer ring appears to be converted into a more
complex asymmetrical resonance. This is evident from the plots of the electric field patterns obtained from
the simulations (fig. A.3(c) and (d)). A further detailed study will have to be carried out.
Figure A.3: Simulated electric field patterns for 1.07 THz (dip in S21) and at 1.15THz (peak of transparency)
window for perpendicular polarization. Arrows in the plots indicate the direction of Ex and Ey.
